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1. INTRODUCTION 
The p i l o t ' s  task i n  the  o p e r a t i o n  o f  f l i g h t  v e h i c l e s  i s  a 
c o m p l e x   o f   c o n t r o l   a n d   d e c i s i o n  tasks. Models f o r  p r e d i c t i n g  
p i l o t  p e r f o r m a n c e  a n d  l i m i t a t i o n s  m u s t  take i n t o  a c c o u n t  t h e  ef-  
f e c t s  of i n t e r a c t i o n  among s e v e r a l   s u c h  tasks.  F o r  t h e  p a s t  few 
years we have  been  conduc t ing  a ser ies  o f  e x p e r i m e n t a l  a n d  t h e o -  
r e t i c a l  s t u d i e s  o f  these i n t e r a c t i v e  e f f e c t s  as p a r t  o f  a c o n t i n -  
u i n g  p r o g r a m  t o  d e v e l o p  m o d e l s  f o r  human p e r f o r m a n c e  i n  r e a l i s t i c  
f l i g h t  s i t u a t i o n s .  T h i s  r e p o r t  describes our   mos t   recent   work   on  
t h i s  problem which has been  concerned  w i t h  t h e  i n t e r a c t i ' o n  o r  i n -  
t e r f e r e n c e  among s e v e r a l  d i f f e r e n t  c o n t r o l  t a s k s .  
INITIAL TWO-AXIS STUDIES 
We began t h i s  work w i t h  s t u d i e s  o f  s i m p l e  t w o - a x i s  c o n t r o l  
s y s t e m s  w i t h o u t   c o u p l i n g   b e t w e e n   a x e s .   I n t e g r a t e d   a n d  separate 
d i s p l a y s ,  s e v e r a l  d i f f e r e n t  c o n t r o l l e d  e l e m e n t  d y n a m i c s ,  a n d  
f o v e a l  a n d  p e r i p h e r a l  v i e w i n g  o f  t he  d i s p l a y s  were examined i n  
these s t u d i e s .  The t h e o r e t i c a l  basis f o r  t h i s  work was p r o v i d e d  
by t h e  d e s c r i b i n g  f u n c t i o n  m o d e l s  f o r  t h e  human o p e r a t o r  a v a i l a b l e  
a t  t h a t  time (Refs. 1,2). These had been   deve loped  by s e v e r a l   i n -  
v e s t i g a t o r s  o v e r  a t e n - y e a r  p e r i o d  f r o m  s t u d i e s  o f  s i n g l e  a x i s  
c o n t r o l  systems. Our  approach was t o  a t tempt  t o  e l a b o r a t e  these 
models s o  t ha t  t h e y  w o u l d  i n c l u d e  t h e  e f f e c t s  o f  i n t e r f e r e n c e  
between tasks, v i s u a l  s c a n n i n g  of d i s p l a y s ,  and t h e  e f f e c t s  of  
v i e w i n g   c o n d i t i o n s   ( f o v e a l  vs .  p e r i p h e r a l ) .  The r e s u l t s   o f  these 
s t u d i e s   h a v e   b e e n   r e p o r t e d   a n d   d o c u m e n t e d  (Refs. 3,111 and are * 
summarized below. 
1 
I n  the  exper iment?  w i t h  a n '  i n t e g r a t e d  d i s p l a y ,  o n e  i n  which 
the  h o r i z o n t a l  a n d  v e r t i c a l  d i s p l a c e m e n t  o f  a s i n g l e  d o t  i n d i c a t e d  
the  e r r o r s  i n  t h e  t w o  a x e s ,  we found tha t  the  human c o n t r o l l e r  
t r a n s m i t t e d  a l m o s t  t w i c e  as much i n f o r m a t i o n  i n  c e r t a i n  t w o - a x i s  
tasks - t h o s e  i n  wh ich  the  dynamics  on the two a x e s  are t h e  same - 
as he  d i d  i n  a s i n g l e - a x i s   t a s k .  We d i d  n o t  f i n d  e v i d e n c e  i n  t h e  
d e s c r i b i n g  f u n c t i o n  r e s u l t s  o f  a switching mechanism such as would 
b e  expec ted  i f  t h e  c o n t r o l l e r w e r e  s i n g l e - c h a n n e l  a n d  s w i t c h e d  h i s  
a t t e n t i o n   f r o m   o n e  task t o  t h e  o t h e r .  T h i s  r e s u l t   s u g g e s t e d  t h a t  
t h e  two channels were p r o c e s s e d  i n  p a r a l l e l .  
To de te rmine  t h e  e x t e n t  t o  w h i c h  these r e s u l t s  were a conse- 
quence of  t h e  i n t e g r a t e d  d i s p l a y ,  a s e r i e s  of  two-variable  manual  
t r a c k i n g  e x p e r i m e n t s  was n e x t  c o n d u c t e d  i n  w h i c h  s u b j e c t s  were re- 
q u i r e d  t o  v i e w  t w o  s e p a r a t e d  d i s p l a y s  a n d  o p e r a t e  t w o  c o n t r o l  de- 
v i c e s  t o  c o n t r o l  t h e  s y s t e m .  Performance was measured as a func- 
t i o n  of  t h e  d i s p l a y  s e p a r a t i o n ,  t h e  f o r c i n g  f u n c t i o n  b a n d w i d t h ,  
t h e  task d i f f i c u l t y ,   a n d  t h e  cont ro l led-e lement   dynamics .  Human 
c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n s ,  eye movement d i s t r i b u t i o n s ,  a n d  
normal ized   mean-squared   t racking   e r ror  (NMSE) s c o r e s  were o b t a i n e d .  
Measurements were o b t a i n e d  when a s i n g l e  v a r i a b l e  was viewed  fov- 
e a l l y ,  when a s i n g l e  v a r i a b l e  was v iewed  pe r iphe ra l ly ,  and  when 
b o t h  v a r i a b l e s  were c o n t r o l l e d  s i m u l t a n e o u s l y .  
A simple model was developed which accounted for  most  of  t h e  
r e s u l t s  o f  t h i s  exper iment .  The key assumption  of  t h i s  model was 
tha t  t h e  human c o n t r o l l e r  a c t s  as a two-channe l  p rocesso r  o f  i n fo r -  
ma t ion :   one   channe l   p rocesses   i n fo rma t ion   ob ta ined   fovea l ly  w h i l e  
t h e  o t h e r  s i m u l t a n e o u s l y  p r o c e s s e s  i n f o r m a t i o n  o b t a i n e d  p e r i p h e r a l l y .  
The re  was assumed t o  b e  no  coup l ing ,  o r  i n t e r f e rence ,  be tween  chan-  
n e l s .  A switching  mechanism was i n c o r p o r a t e d  i n  t h e  model t o  a c c o u n t  
Although t h i s  model was able t o  r e p r o d u c e  w i t h  r easonab le  
a c c u r a c y  t h e  e f f e c t s  o f  v i s u a l  s c a n n i n g  upon s y s t e m  performance,  
i t  had a t  least two s e r i o u s   d e f i c i e n c i e s .  It lacked  a scheme f o r  
p red ic t ing  scann ing  behav io r ;  sys t em.pe r fo rmance  cou ld  b e  "pre- 
d i c t e d "  o n l y  f o r  a p r e - s p e c i f i e d  s c a n  p a t t e r n .  There was' no way 
t o  a c c o u n t  f o r  the per formance  degrada t ion  that  was measured f o r  
c e r t a i n  c a s e s  i n  which the  two  d i sp lays  were v e r y  c l o s e  t o  e a c h  
o t h e r  so t h a t  t h e y  b o t h  were v iewed  fovea l ly .  It a l s o  became 
appa ren t  t ha t  t h e  d e s c r i b i n g  f u n c t i o n  a p p r o a c h  l a c k e d  s u f f i c i e n t  
g e n e r a l i t y  t o  b e  t h e  basis f o r  a n  i n t e g r a t e d  model  of  complex 
c o n t r o l   a n d   d e c i s i o n  tasks.  We t u r n e d  t o  modern c o n t r o l   t h e o r y  
f o r  a framework within which such tasks might be  t reated i n  a more 
s t ra ight forward  manner .  
THEORETICAL FRAMEWORK 
I n i t i a l  O p t i m a l  C o n t r o l  T h e o r e t i c  Model 
An o p t i m a l  c o n t r o l  model f o r  human con t ro l ,  mon i to r ing ,  and  
scann ing  behav io r  was d e v e l o p e d  i n  a s e p a r a t e  b u t  r e l a t e d  r e s e a r c h  
program (Refs. 5,6) .  P r e l i m i n a r y   a n a l y s i s   o f  t h i s  model i n d i c a t e d  
t h a t  it had s u f f i c i e n t  s c o p e  t o  a c c o u n t  for human b e h a v i o r  i n  a 
wide v a r i e t y  of simple  and  complex tasks. We have  adopted t h i s  
model as t h e  s t a r t i n g  p o i n t  f o r  t h e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  
i n v e s t i g a t i o n s  of task i n t e r f e r e n c e  t h a t  a r e  d e s c r i b e d  i n  t h i s  
r e p o r t .  The p r i n c i p a l  f e a t u r e s  o f  t h e  model are d iscussed   be low.  
A block  diagram  of  t he  model i s  g i v e n  i n  F i g .  1. The v e h i c l e  
dynamics are assumed t o  b e  r ep resen ted  adequa te ly  by t h e  l i n e a r i z e d  
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" 
where - x ( t )  i s  t h e  vec tor  which  describes t h e  s t a t e  of  t h e  v e h i c l e ,  
u ( t )  a s c a l a r  c o n t r o l ,  a n d  w ( t >  a v e c t o r  o f  whi te  d r i v i n g  n o i s e  
p r o c e s s e s .  The p i l o t   d o e s   n o t ,   i n   g e n e r a l ,   o b s e r v e  a l l  of  t h e  
s ta te  v a r i a b l e s ,  b u t  i s  provided  w i t h  p e r t i n e n t  s y s t e m  o u t p u t s  
y_(t), g i v e n  as 
* - 
The v a r i o u s  p s y c h o - p h y s i c a l  l i m i t a t i o n s  i n h e r e n t  i n  t h e  
human are r e p r e s e n t e d  by  a lumped equiva len t  perceptua l  time de lay  
T and a model f o r  r e m n a n t  ( d i s c u s s e d  b e l o w )  c o n s i s t i n g  p r i m a r i l y  
o f   a n   e q u i v a l e n t   o b s e r v a t i o n   n o i s e   v e c t o r  r ( t ) .  A separate ( w h i t e )  
o b s e r v a t i o n   n o i s e  i s  a s s o c i a t e d  w i t h  each  d i s p l a y e d  o u t p u t  y i ( t ) .  
** - 
It i s  assumed tha t  t h e  o v e r a l l  c o n t r o l  task i s  adequa te ly  re -  
f l e c t e d  i n  t h e  human's  choice  of a c o n t r o l  i n p u t  u * ( t )  which mini- 
mizes a weighted sum of  averaged  s t a t e  a n d  c o n t r o l  v a r i a n c e s  
condi t ioned  on  x ( t )  = y-(t-.r) + r(t-T), t h e  human's de l ayed ,  no i sy  
o b s e r v a t i o n  o f  y_(t). 
P 
* 
If t h e  e x t e r n a l  f o r c i n g  f u n c t i o n s  are r a t i o n a l  n o i s e  s p e c t r a  o f  
first o r d e r  o r  h i g h e r ,  t h e  r e s u l t i n g  " i n p u t  s ta tes"  are  inco rpor -  
ated i n  the  s t a t e  v e c t o r  &( t ) .  
** 
I n  o r d e r  t o  i n c l u d e  t h e  e f f e c t s  of v i s u a l  s c a n n i n g ,  s t a t i s t i c s  
of t h e  n o i s e s   c a n  b e  t rea ted  as t ime-vary ing .  See Ref. 5.  
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Note that  neuro-motor  dynamics have no t  been  inc luded  among 
the  h u m a n ' s   i n h e r e n t   l i m i t a t i o n s .  However, i n c l u d e d   i n   J ( u )  i s  a 
cost   which  depends on c o n t r o l  rate.  T h i s  term c a n   r e p r e s e n t   a n  
a c t u a l  c o s t  on i ( t )  o r  i t  can be used t o  a c c o u n t  i n d i r e c t l y  f o r  
t h e  p h y s i o l o g i c a l  l i m i t a t i o n s  o n  t h e  r a t e  a t  which a p i l o t  e f f e c t s  
c o n t r o l  a c t i o n .  It  can  be  shown t h a t  t h e   i n c l u s i o n   o f   s u c h  a term 
r e s u l t s  i n  a l a g  ( o f t e n  a s s o c i a t e d  w i t h  t he  neuro-muscular s y s t e m )  
b e i n g  g e n e r a t e d  i n  t h e  o p t i m a l  c o n t r o l l e r .  
I n  o r d e r  t o  model c e r t a i n  c o n t r o l  s i t u a t i o n s  adequa te ly ,  we 
have found i t  n e c e s s a r y  t o  i n c l u d e  a motor  noise  term m ( t )  i n  ad- 
d i t i o n  t o  t he  o b s e r v a t i o n   n o i s e   v e c t o r .  T h i s  i s  h e l p f u l  p r i m a r i l y  
when the  i n p u t  d i s t u r b a n c e  i s  n o t  a p p l i e d  i n  p a r a l l e l  w i t h  t h e  
p i l o t ' s   c o n t r o l   s i g n a l .   I n  t h i s  s i t u a t i o n ,   m o t o r   n o i s e   s e r v e s   t o  
p r e v e n t  t h e  model  f rom acqui r ing  per fec t  knowledge  of v a r i o u s  
s y s t e m i n p u t s  o r  o u t p u t s  w h i c h ,  i n  f a c t ,  a re  no t  known p e r f e c t l y  by 
t h e  human. Use of   motor   no ise  here i s  s t r i c t l y  a mathemat ica l  
convenience  and  does  not  imply t ha t  we are ab le  t o  d i s t i n g u i s h  
expe r imen ta l ly  the var ious  sources  of  remnant ,  which  we cannot   do 
a t  p r e s e n t .  
With t h e  above  assumptions,  t h e  human ' s  con t ro l  cha rac t e r -  
i s t i c s  are de termined  by  t h e  s o l u t i o n  o f  a n  o p t i m a l  r e g u l a t o r  
problem w i t h  time-delay a n d   o b s e r v a t i o n   n o i s e .  We have  shown 
(Ref. 5 )  t ha t  t h e  r e s u l t a n t  o p t i m a l  c l o s e d - l o o p  s y s t e m  has  t h e  
s t r u c t u r e  shown i n  F i g .  1. The p i l o t  model c o n s i s t s   o f  t h e  cas- 
cade combinat ion of  a Kalman e s t i m a t o r ,  a least-mean-squared pre- 
d i c t o r  a n d  a se t  of g a i n s  a c t i n g  o n  - 2 ( t ) ,  t h e  bes t  estimate o f  
t h e  s y s t e m  s t a t e  - x ( t ) .  The l a g  f a c t o r  -rN depends on t h e  c h o i c e  
of c o n t r o l  ra te  we igh t ing ,  e;. The f e a t u r e s  tha t  a re  u n i q u e   t o  
t h i s  model are  i t s  r e p r e s e n t a t i o n  o f  human l i m i t a t i o n s  a n d  t h e  
r e s u l t i n g  o p t i m a l l y  c o m p e n s a t i n g  e l e m e n t s .  
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Since  t h e  o p t i m a l  f e e d b a c k  c o n t r o l l e r  i s  l i n e a r ,  t h e  p i l o t  
can  be r e p r e s e n t e d  i n  t h e  frequency domain by a t r a n s f e r  f u n c t i o n ,  
T h e r e f o r e ,  i n  a s t r a igh t fo rward  manner ,  one  can  p red ic t  human 
o p e r a t o r  d e s c r i b i n g  f u n c t i o n s  which are e q u i v a l e n t  t o  t h o s e  which 
could  b e  measured i n   a n   e x p e r i m e n t .   F u r t h e r m o r e ,  t h e  model  al lows 
u s  t o  p r e d i c t  t h e  power  spectrum  ( input   and  remnant  re la ted)  of 
any s y s t e m  s t a t e ,  of   any   ou tput ,  or of  t h e  human 's   cont ro l .  Also 
a v a i l a b l e  i s  a p r e d i c t i o n  o f  c losed - loop  pe r fo rmance  in  terms of 
t h e  c o s t  f u n c t i o n a l  [Eq .  ( 3 1 .  
An Observat ion Noise Model f o r  C o n t r o l l e r  Remnant 
---.I- ~ " " " ~ ~ - ~ "  - ~ 
Although ear ly  s t u d i e s  o f  t h e  human c o n t r o l l e r  t e n d e d  t o  
i g n o r e  t h e  e f f e c t s  o f  c o n t r o l l e r  r e m n a n t  on s y s t e m  performance,  
remnant has begun t o  command a n  i n c r e a s i n g  amount of  concern .  
Recent  a t tempts  have been made by o t h e r s  t o  r e l a t e  s y s t e m  perform- 
a n c e  t o  v i s u a l  s c a n n i n g  b e h a v i o r  by a p p r o p r i a t e  t r e a t i n e n t  o f  t h e  
remnant   process  (Ref .  7 ) ,  and w e  have  found tha t  a n   e q u i v a l e n t  
o b s e r v a t i o n  n o i s e  r e p r e s e n t a t i o n  o f  r e m n a n t  a l l o w s  u s  t o  i n c o r p o r -  
a te  a model f o r  task i n t e r f e r e n c e  i n t o  o u r  o p t i m a l - c o n t r o l  frame- 
work.   Because  an  understanding  of   remnant  i s  c r u c i a l  t o  t h e  theo-  
r e t i c a l  development  pursued i n  t h i s  r e p o r t ,  t h e  pre-exper imenta l  
model for c o n t r o l l e r   r e m n a n t  i s  reviewed  below. T h i s  model was 
d e v e l o p e d  i n  a separate b u t  re la ted  t h e o r e t i c a l  s t u d y  a n d  i s  d i s -  
c u s s e d  i n  de t a i l  i n  Refs. 8 and 9 .  
A number  of m u l t i p l i c a t i v e ,  or p r o p o r t i o n a l ,  s o u r c e s  o f  human 
randomness were o r i g i n a l l y   c o n s i d e r e d .  Most of  these p r o c e s s e s  were 
found t o  b e  i n d i s t i n g u i s h a b l e  i n  t h e i r  e f f e c t s  on c o n t r o l l e r  r e m n a n t  
and were t h e r e f o r e  combined i n t o  a s i n g l e  n o i s e  p r o c e s s  - an  equiva-  
l e n t  o b s e r v a t i o n  n o i s e  p r o c e s s .  
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E q u i v a l e n t  o b s e r v a t i o n  n o i s e  has been found to be  a v e c t o r  
wh i t e  n o i s e  p r o c e s s ;  i . e . ,  e a c h  s e n s o r y  i n p u t  v a r i a b l e  tha t  t h e  
c o n t r o l l e r  wishes t o  estimate i s  d i s t u r b e d  by white  n o i s e .  The 
component  noise  processes  are assumed t o  b e  l i n e a r l y  i n d e p e n d e n t  
of  each o t h e r  and   of   the  s y s t e m  f o r c i n g  f u n c t i o n s .  When t h e  d i s -  
p l a y  i s  v iewed  fovea l ly ,  the  n o i s e  p r o c e s s e s  appear t o  s c a l e  w i t h  
s i g n a l  v a r i a n c e s .  T h i s  s c a l e  f a c t o r  has been  found t o  be  inde- 
penden t  o f  t he  ampl i tude  and  spec t r a l  shape of t he  d i s p l a y e d  v a r i -  
ab le ,  independent  of  vehicle   dynamics,   and  does  not  appear t o  de- 
pend  on t h e  q u a n t i t y  ( i . e . ,  p o s i t i o n  o r  v e l o c i t y )  t h a t  t h e  c o n t r o l -  
l e r  o b t a i n s   f r o m   t h e  d i s p l a y  i n d i c a t o r .   F o v e a l   o b s e r v a t i o n   n o i s e  
i s  t h u s  g i v e n  as 
R = P  u 2 
-Y - 
where - R i s  t h e  power d e n s i t y  l e v e l  o f  the  i n j e c t e d  w h i t e  n o i s e  
v e c t o r ,  a2 a m a t r i x  composed  of the  va r i ances  o f  t h e  q u a n t i t i e s  
d i sp l ayed ,  and P i s  t h e  power  dens i ty  l eve l  o f  a normative white  
noise  process  (which  we sha l l  r e f e r  t o  as t h e  " n o i s e  r a t i o " ) .  
T h i s  o b s e r v a t i o n  n o i s e  model  of  remnant has b e e n  v e r i f i e d  by ex ten -  
s i v e   a n a l y s i s   o f   s i n g l e - a x i s   m a n u a l   c o n t r o l  data.  We have  found 
t h e  n o i s e  r a t i o  P t o  be  approximately -20 d B  ( i . e . ,  0 . 0 1  u n i t s  o f  
normalized power per  r a d / s e c ,  d e f i n e d  o v e r  p o s i t i v e  f r e q u e n c i e s )  
a n d   r e l a t i v e l y   i n d e p e n d e n t   o f   t h e   c o n t r o l   s i t u a t i o n .   I n   f a c t  t h e  
on ly  depa r tu re  f rom a -20 d B  obse rv , a t ion  no i se  t ha t  we have seen 
i n  a large number of experiments was o b t a i n e d  i n  o n e  o f  t h e  l a s t  
e x p e r i m e n t s   d i s c u s s e d   i n  t h . i s  r e p o r t .  We do n o t  y e t  f u l l y   u n d e r -  
s t a n d  the r e a s o n s   f o r  t h i s  s i n g u l a r   r e s u l t .   N e v e r t h e l e s s ,   t h e  
r e l a t i v e  i n v a r i a n c e  o f  t h e  o b s e r v a t i o n  n o i s e  l e v e l  s u g g e s t s  t o  u s  
t h a t  fovea l  remnant  - a t  l e a s t  u n d e r  t h e  i d e a l i z e d  t r a c k i n g  c o n d i -  
t i o n s  t ha t  we h a v e  i n v e s t i g a t e d  - arises from a c e n t r a l - p r o c e s s i n g  
t y p e  o f  d i s tu rbance  common t o  a l l  t r a c k i n g  tasks (such as time- 
v a r i a t i o n a l   d i s t u r b a n c e s   o f   c o n t r o l l e r   g a i n   o r  time d e l a y ) .  The 
-Y 
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p o t e n t i a l  c o r r e s p o n d e n c e  o f  e q u i v a l e n t  o b s e r v a t i o n  n o i s e  t o  
c e n t r a l - p r o c e s s i n g  n o i s e  f o r m s  t h e  basis f o r  o u r  m o d e l s  o f  t a s k  
i n t e r f e r e n c e  a n d  p i l o t  w o r k l o a d .  
ORGANIZATION OF THE  REPORT 
I n  t h e  f o l l o w i n g  s e c t i o n  o f  t h i s  r e p o r t  we p r e s e n t  a model 
f o r  task i n t e r f e r e n c e .  Model p r e d i c t i o n s  are compared  with  ex- 
p e r i m e n t a l  r e s u l t s  i n  t h e  succeed ing  two s e c t i o n s :  i n t e r f e r e n c e  
among i n d e p e n d e n t  t r a c k i n g  tasks i s  d e s c r i b e d  i n  S e c t i o n  3,  
whereas S e c t i o n  4 i s  concerned w i t h  i n t e r f e r e n c e  w i t h i n  a s i n g l e  
a x i s   o f   c o n t r o l .  Our  model f o r  task i n t e r f e r e n c e  leads t o  a 
m e t r i c   f o r   p i l o t   w o r k l o a d   w h i c h  i s  d i s c u s s e d  i n  S e c t i o n  5 .  The 
major  conclus ions  of  t h i s  r e p o r t  are summarized i n  S e c t i o n  6 .  
The append ices  p rov ide  d e t a i l s  of  exper imenta l  appara tus  and  pro-  
cedures  as we l l  as comple t e  documen ta t ion  o f  expe r imen ta l  r e su l t s  
I 
2 .  A MODEL FOR T A S K  INTERFERENCE 
Because  the  human b e i n g  i s  i n h e r e n t l y  l i m i t e d  i n  t h e  amount 
o f  p h y s i c a l  a n d  m e n t a l  e f f o r t  he c a n  e x e r t  a t  any given t ime,  h i s  
a b i l i t y  to  per form psychomotor  tasks will, i n  g e n e r a l ,  d e t e r i o r a t e  
as he i s  r e q u i r e d  t o  p e r f o r m  more  and  more tasks s imul t aneous ly .  
Some o f  o u r  ear ly  exper iments  w i t h  two-axis  systems showed evidence  
of t ask  i n t e r f e r e n c e ,  as d i d  t h e  more r e c e n t  s t u d i e s  o f  two-  and 
four -ax is   sys tems descr ibed i n  t h i s  r e p o r t .   I n   o r d e r   t o   p r o v i d e  
a t h e o r e t i c a l  f r a m e w o r k  f o r  t h e  e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  i n  
t h e  f o l l o w i n g  s e c t i o n s  o f  t h i s  r e p o r t ,  w e  descr ibe  below a model 
f o r  p r e d i c t i n g  i n t e r f e r e n c e  among two o r  more continuous manual 
c o n t r o l  t asks .  On ly   cen t r a l -p rocess ing   sou rces   o f   i n t e r f e rence  
are  cons ide red ;  pe r fo rmance  degrada t ion  a s soc ia t ed  w i t h  v i s u a l  
s cann ing  o r  i n t e r m i t t e n t  c o n t r o l  a c t i v i t y  are not  t rea ted  a t  t h i s  
time. 
I n t e r f e r e n c e  w h i c h  r e s u l t s  f r o m  l i m i t a t i o n s  o n  the  human's 
c e n t r a l - p r o c e s s i n g  c a p a b i l i t y  h a v e  b e e n  most commonly a t t r i b u t e d  
t o  s i n g l e - c h a n n e l  b e h a v i o r ;  i . e . ,  a s i n g l e  c h a n n e l  has been  postu-  
l a t e d  which must  s e l e c t i v e l y  " a t t e n d "  t o  t h e  v a r i o u s  s e n s o r y  i n p u t s  
(Ref. 10). P a r a l l e l - c h a n n e l   b e h a v i o r  has a l s o   b e e n   c o n s i d e r e d   i n  
t h e  l i t e r a t u r e ;  a mult iband f i l t e r  t h e o r y ,  for   example ,  has been 
p o s t u l a t e d  t o  a c c o u n t  f o r  t h e  behavior  of  t h e  human observer  when 
d e t e c t i n g   m u l t i p l e   a u d i t o r y   s i g n a l s  (Ref.  11). In   our   model  de- 
ve lopnent  we c o n s i d e r  t h e  human controZZer a l s o  as a para l le l -  
channel  processor  of  in format ion .  
The model f o r  task i n t e r f e r e n c e  i s  based on the  n o t i o n  t h a t  
t h e  c o n t r o l l e r  p o s s e s s e s  a f i x e d  amount  of  information-processing 
capac i ty  that  must b e  shared among t h e  v a r i o u s  tasks t o  b e  pe r -  
formed. The f r a c t i o n  o f  " c a p a c i t y "  a l l o c a t e d  t o  a p a r t i c u l a r  task 
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i s  r e l a t ed  t o  t h e  e q u i v a l e n t  o b s e r v a t i o n  n o i s e  r a t i o  a s s o c i a t e d  
w i t h   t h a t  task.  T h i s  r e l a t i o n s h i p   p r o v i d e s  a mechanism by which 
we c a n  i n c o r p o r a t e  t h e  m o d e l  o f  c a p a c i t y - s h a r i n g  i n t o  t h e  frame- 
work  of t h e  opt imal -cont ro l  model  of  human b e h a v i o r .  
BASIC ASSUMPTIONS 
The model i s  founded  on t h e  fo l lowing  p r imary  a s sumpt ions :  
( a )  M u l t i p l e  tasks  are p e r f o r m e d  i n  p a r a l l e l ,  n o t  i n  s e q u e n c e .  
( b )  The c o n t r o l l e r  has a r e l a t i v e l y  l a r g e  f i x e d  n u m b e r ,  11 , o f  
" i n f o r m a t i o n - p r o c e s s i n g  c h a n n e l s "  t o  d i s t r i b u t e  among h i s  v a r i o u s  
tasks .  ( c )  Each o f  these channe l s  i s  p e r t u r b e d  by a w h i t e ,  
Gauss ian  noise  process  which  i s  l i n e a r l y  u n c o r r e l a t e d  w i t h  a l l  
o t h e r   n o i s e   p r o c e s s e s   a n d  w i t h  s y s t e m  v a r i a b l e s .  The n o i s e   l e v e l s  
are  p r o p o r t i o n a l  t o  s i g n a l  v a r i a n c e .  
There i s  some expe r imen ta l  basis f o r  a s s u m i n g  p a r a l l e l  p r o -  
c e s s i n g   o f  tasks. Time-domain  and  frequency-domain  analysis  of 
ou r  manua l  t r ack ing  data has c o n s i s t e n t l y  f a i l ed  t o  show ev idence  
tha t  t h e  c o n t r o l l e r   t i m e - s h a r e s  among tasks .  T h i s  d o e s   n o t   r u l e  
ou t  t h e  p o s s i b i l i t y  o f  a very r a p i d  in t e rna l  s cann ing  mechan i sm.  
The scann ing  ( i . e . ,  s e q u e n t i a l )  m o d e l  o f  i n f o r m a t i o n  p r o c e s s i n g  
i s  n o t  n e c e s s a r i l y  i n c o m p a t i b l e  w i t h  t h e  mode l  o f  pa ra l l e l  p ro -  
c e s s i n g ,  s i n c e  i n  t h e  limit of a r b i t r a r i l y  r a p i d  s c a n n i n g  t h e  two 
models  appear t o  lead t o  t h e  same r e s u l t s .  
The assumption of  a f i x e d  number  o f  channe l s  ava i l ab le  fo r  
t r a c k i n g  a n d  o t h e r  tasks i s  a n o t h e r  way of s a y i n g  t ha t  t h e  c o n t r o l -  
l e r ' s  "channel   capac i ty ' '  i s  c o n s t a n t .   F o r t u n a t e l y ,  we s h a l l  no t  
have t o  d e t e r m i n e  N ,  nor  s h a l l  we have t o  compute t h e  n o i s e  r a t i o  
a s s o c i a t e d  w i t h  each i n d i v i d u a l   c h a n n e l .  The i m p o r t a n t   p o i n t  i s  
t ha t  these numbers are  a s sumed  inva r i an t .  
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The assumption of  white  n o i s e  p r o c e s s e s  w h i c h  s c a l e  w i t h  
s i g n a l  v a r i a n c e  i s  a d i r e c t  e x t e n s i o n  of our model f o r  c o n t r o l l e r  
remnant and i s  c o n s i s t e n t  w i t h  ea r l i e r  psychophys ica l  data which 
show tha t  e s t i m a t i o n  e r r o r s  t e n d  t o  scale w i t h  t h e  magnitude of  
the s t i m u l u s .  
For  mathematical convenience w e  re fe r  c e n t r a l  p r o c e s s i n g  
s o u r c e s  o f  i n t e r f e r e n c e  t o  t h e  inpu t  and  t r ea t  them as i f  t h e y  were 
p e r c e p t u a l   s o u r c e s   o f   i n t e r f e r e n c e .   A c c o r d i n g l y  w e  c o n s i d e r   i n t e r -  
f e r e n c e   t o   o c c u r   b e t w e e n   p e r c e p t u a l  tasks.  However, we assume 
that  p o s i t i o n  a n d  v e l o c i t y  i n f o r m a t i o n  c a n  be obta ined  f rom t h e  
same d i s p l a y  i n d i c a t o r  w i t h o u t  i n t e r f e r r i n g  w i t h  each   o ther .   Thus  
w e  a s s i g n  a p e r c e p t u a l  t ask  t o  each i n d i c a t o r  provided on t h e  d i s -  
p l a y  ra ther  t h a n  t o  each oariabCe used by the  c o n t r o l l e r .  T h i s  
assumption i s  j u s t i f i e d  by o u r  p r e v i o u s  r e s u l t s  (Refs. 6 and 9 )  
w h i c h  i n d i c a t e  t h a t  t h e  n o i s e  r a t i o  a s s o c i a t e d  w i t h  e s t i m a t i o n  of  
i n d i c a t o r  p o s i t i o n  d o e s  n o t  d e p e n d  o n  whether o r  n o t  t h e  p i l o t  
must a l s o  estimate i n d i c a t o r   v e l o c i t y .  The n o i s e  r a t i o  a s s o c i a t e d  
w i t h  e s t i m a t i o n  o f  v e l o c i t y  i s  s imilar ly  i n v a r i a n t  t o  t h e  r e q u i r e -  
ment t o  estimate p o s i t i o n .   T h u s , i f  t h e  c o n t r o l l e r  i s  provided  w i t h  
two s i n g l e - a x i s  tasks ,  each hav ing  a simple d i s p l a y  of s y s t e m  e r r o r ,  
t h e n  he must d i v i d e  h i s  capac i ty  be tween t h e  two  d i sp lays  (aside 
f rom  any   scanning   behavior  t ha t  mipht  t ake  p l a c e ) .  S i m i l a r l y ,  i f  
the  s u b j e c t  i s  provided  w i t h  a s i n g l e  ( b u t  c o m p l e x )  a x i s  o f  c o n t r o l  
and a d i s p l a y  c o n s i s t i n g ,  f o r  e x a m p l e ,  o f  a p i t c h  i n d i c a t o r  a n d  a 
p o s i t i o n  i n d i c a t o r ,  he  mus t  aga in  d iv ide  h i s  capac i ty  be tween the  
two  pe rcep tua l  tasks o f  e s t i m a t i n g  p i t c h  a n d  e s t i m a t i n g  p o s i t i o n .  
EQUIVALENT OBSERVATION NOISE FOR SINGLE-VARIABLE TASKS 
L e t  u s  c o n s i d e r  a t r a c k i n g  task i n  which t h e  s u b j e c t  i s  re- 
q u i r e d  t o  estimate ( p r i m a r i l y )  a s i n g l e   v a r i a b l e .  We sha l l  d e r i v e  . 
a n  e x p r e s s i o n  f o r  e q u i v a l e n t  o b s e r v a t i o n  n o i s e  w h i c h  e x p l i c i t l y  
shows the  dependence of  the  n o i s e  l e v e l  upon t h e  number of  central-  
p r o c e s s i n g  c h a n n e l s  a s s i g n e d  t o  t h e  t a s k .  
The f low  o f   i n fo rma t ion  i s  diagrammed i n  F i g .  2 .  The d i s -  
p l a y e d  v a r i a b l e  [ x ( t ) ]  i s  c o r r u p t e d  by t h e  noisy,   N-channel per- 
c a p t u a l  p r e - p r o c e s s o r  t o  y i e l d  t h e  p e r c e i v e d  v a r i a b l e  [ y ( t > ] .  
Both x ( t >   a n d  y ( t >  are presumed t o  have   ze ro  mean. The s i g n a l  
s u f f e r s  a d e l a y  due t o  l i m i t a t i o n s  o f  the  p i l o t ' s  n e u r o - m o t o r  
s y s t e m  and i s  t h e n  p r o c e s s e d  by t h e  p i l o t ' s  e q u a l i z e r  t o  y i e l d  
t h e  c o n t r o l  s i g n a l  u ( t ) .  S i n c e  a l l  sources   of   randomness  have 
b e e n  r e f l e c t e d  t o  t h e  p e r c e p t u a l  p r e - p r o c e s s o r ,  we need  cons ider  
h e r e  o n l y  t h e  r e l a t i o n s h i p  b e t w e e n  y ( t )  a n d  x ( t ) .  
The ou tpu t  o f  t h e  n th  informat ion-process ing  channel  i s  
where rn ( t )  i s  a Gaussian w h i t e  no i se  p rocess ,  hav ing  power  dens i ty  
l e v e l  0.0:~ which i s  i n j e c t e d   o n t o  t h e  nth  channel.  (The " n o i s e  
r a t i o "  Q i s  t h e  same f o r   e a c h   c h a n n e l . )   S i n c e  a l l  N channels  are 
presumed t o  b e  a l l o c a t e d  t o  t h i s  s i n g l e  task,  t h e  t o t a l  o u t p u t  of 
t h e  s u b j e c t ' s  p e r c e p t u a l  p r e - p r o c e s s o r  w i l l  b e  
Noting t h e  l i n e a r  i n d e p e n d e n c e  o f  t h e  r n ( t ) ,  w e  compute t h e  fo l low-  
i n g  s p e c t r u m  f o r  t h e  p e r c e i v e d  v a r i a b l e :  
cp = N Qxx + N o Z Q  
Y Y  
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The n o i s e - r e l a t e d   p o r t i o n  of t h e  spec t rum Q may be referred 
t o  a n  e q u i v a l e n t  o b s e r v a t i o n  n o i s e  p r o c e s s  whose  power d e n s i t y  
l e v e l  i s  
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where t h e  c o n s t a n t ,  Po r e p l a c e s  Q/N. The u n i t y   s u p e r s c r i p t   i n d i -  
cates t h a t  t h i s  r e l a t i o n  h o l d s  o n l y  when the  task i s  performed 
a l o n e .  
We have  thus  r ede r ived  t h e  e x p r e s s i o n  f o r  e q u i v a l e n t  o b s e r v a -  
t i o n  n o i s e  w h i c h  we have found t o  r e p r e s e n t  c o n t r o l l e r  r e m n a n t  in 
a v a r i e t y  of s i n g l e - a x i s   c o n t r o l   s i t u a t i o n s .  I n  a d d i t i o n ,  we have 
now s e e n  how t h e  n o i s e  l e v e l  r e l a t e s  t o  t he  number of "channels"  
d e v o t e d   t o  t h e  t r a c k i n g  task. T h i s  r e l a t i o n s h i p  i s  c r u c i a l  t o  o u r  
model f o r  task i n t e r f e r e n c e ,  as shown  below. 
L e t  us  now c o n s i d e r  a s i t u a t i o n  i n  which M p e r c e p t u a l  tasks  
are p e r f o r m e d   i n  p a r a l l e l .  S ince  t h e  N in format ion   channels   mus t  
now b e  d i s t r i b u t e d  among t h e  M t a sks ,  t h e  s u b j e c t  w i l l  b e  able  t o  
devote   on ly  t h e  f r a c t i o n  f m  of  h i s  c h a n n e l s   t o  t h e  mth task.  
The e q u i v a l e n t  o b s e r v a t i o n  n o i s e  i s  now g iven  as 
We t h u s  show t h a t  t h e  p r i m a r y  e f f e c t  o f  r e q u i r i n g  t h e  s u b j e c t  t o  
perform a m u l t i p l i c i t y  o f  tasks i s  t o  i n c r e a s e  t h e  e f f e c t i v e  ob- 
s e r v a t i o n   n o i s e  r a t i o  a s s o c i a t e d  w i t h  each  component t a s k .  The 
o b s e r v a t i o n  n o i s e  r a t i o  f o r  t h e  mth task when M tasks are performed 
s imul t aneous ly  i s  s i m p l y  
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Trans fo rma t ion  o f  th is  e q u a t i o n  y i e l d s  
Equat ion  (11) rep r  es e n t s  'e d i  c t i v  e model f 
(12) 
ask i n t e r -  o r  t 
f e rence .   G iven  t h a t  w e  know t h e  o b s e r v a t i o n  n o i s e  r a t i o  Po t h a t  
c o r r e s p o n d s  t o  " f u l l  c a p a c i t y " ,  we c a n  p r e d i c t  t h e  i n c r e a s e  i n  
n o i s e  r a t i o  a s s o c i a t e d  w i t h  each d i s p l a y e d  v a r i a b l e  f o r  a p a r t i c u -  
l a r  d i s t r i b u t i o n   o f   c h a n n e l   c a p a c i t y .  The o p t i m a l   c o n t r o l  model 
t hen  a l lows  u s  t o  p r e d i c t  t h e  performance  measures t h a t  accompany 
t h i s  d i s t r i b u t i o n  of capac i ty .   Conver se ly ,  we can  compute t h e  
f r a c t i o n  o f  c a p a c i t y  d e v o t e d  t o  a g i v e n  s u b t a s k  when m u l t i p l e ,  
independent ,  tasks are  p e r f o r m e d   i n  p a r a l l e l .  Provided tha t  t h e  
s u b t a s k  c o n s i s t s  of a t r a c k i n g  task r e q u i r i n g  a s i n g l e  d i s p l a y e d  
v a r i a b l e ,  we can  r e a d i l y  measure t h e  o b s e r v a t i o n  n o i s e  r a t i o  u n d e r  
s i n g l e - a x i s   a n d   m u l t i - a x i s   c o n d i t i o n s .   E q u a t i o n  ( 1 2 )  shows t h a t  
t h e  f r a c t i o n  o f  c a p a c i t y  a s s o c i a t e d  w i t h  t h i s  task i s  g i v e n  by  t h e  
r a t i o  o f  t h e  s i n g l e - a x i s  t o  m u l t i - a x i s  o b s e r v a t i o n  n o i s e  r a t i o .  
PREDICTION OF MULTIVARIABLE T R A C K I N G  PERFORMANCE 
We now combine t h e  model f o r  task i n t e r f e r e n c e  d e v e l o p e d  
above w i t h  ou r  op t ima l -con t ro l  mode l  fo r  human performance t o  ob- 
t a i n  a model f o r   m u l t i - t a s k   p e r f o r m a n c e .  The following  computa- 
t i o n a l  p r o c e d u r e  may b e  u s e d  t o  p r e d i c t  o v e r a l l  s y s t e m  performance 
a n d  p i l o t  b e h a v i o r  i n  a m u l t i v a r i a b l e  c o n t r o l  s i t u a t i o n  I n  w h i c h  
t h e  p i l o t ' s  g o a l  i s  t o  minimize a q u a d r a t i c ,  t o t a l - t a s k  p e r f o r m a n c e  
measure of t h e  f o r m  g i v e n  i n  Eq. ( 3 )  : 
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a. Find  t h e  s e t  o f   p a r a m e t e r s   f o r  t he  opt imal -cont ro l   model  
o f  human behavior  which  best  r ep roduces  t h e  c o n t r o l l e r ' s  s i n g l e -  
a x i s   b e h a v i o r .   T h i s  i s  a "ca l ib ra t ion"   p rocedure   wh ich   a l lows   one  
t o  d e t e r m i n e  the  o b s e r v a t i o n  n o i s e  r a t i o  t h a t  c o r r e s p o n d s  t o  f u l l  
c a p a c i t y ,  as wel l  as t o  d e t e r m i n e  o t h e r  b a s i c  parameters such as 
c o n t r o l l e r  time d e l a y ,  s u b j e c t i v e  c o s t  f u n c t i o n a l ,  a n d ,  i n  t h e  
c a s e  o f  p e r i p h e r a l  t r a c k i n g ,  a d d i t i o n a l  i n t e r n a l  n o i s e  p r o c e s s e s  
r e l a t ed  t o  p e r i p h e r a l  viewing.  
b .  Compute t h e  t o t a l   p e r f o r m a n c e   c o s t  as a f u n c t i o n   o f  t h e  
d i s t r i b u t i o n  o f  c a p a c i t y  among t h e  d i s p l a y e d  v a r i a b l e s ,  where t h e  
f r a c t i o n  o f  c a p a c i t y  a s s i g n e d  t o  a g i v e n  i n d i c a t o r  i s  r e f l e c t e d  by  
a n  i n c r e a s e  i n  o b s e r v a t i o n  n o i s e  i n  a c c o r d a n c e  w i t h  E q .  (11). 
S ince  t h e  t o t a l  c a p a c i t y  must   remain   f ixed ,   read jus tments   o f  t h e  
v a r i o u s  o b s e r v a t i o n  n o i s e  r a t i o s  m u s t  meet t h e  c o n s t r a i n t  
c .   S e l e c t  t h e  c a p a c i t y   d i s t r i b u t i o n  t h a t  y i e l d s  t h e  minimum 
to t a l   pe r fo rmance   cos t .   Under  t h e  assumption t h a t  t h e  s u b j e c t  has 
b e e n  g i v e n  s u f f i c i e n t  t r a i n i n g  t o  l e a r n  t h e  o p t i m a l  d i s t r i b u t i o n  
o f   c a p a c i t y ,  t h e  minimum c o s t  i s  t h e n  t h e  p r e d i c t e d   c o s t .  If t h e  
t o t a l  task comprises  a se t  of i n d e p e n d e n t  s u b t a s k s ,  p i l o t  b e h a v i o r  
and s y s t e m  p e r f o r m a n c e  f o r  e a c h  s u b t a s k  may be computed  on t h e  
basis of  t h e  o b s e r v a t i o n  n o i s e  r a t i o s  a s s o c i a t e d  w i t h  t h e  c o r r e -  
sponding d i s p l a y s .  The amount  of " i n t e r f e r e n c e "   o c c u r i n g   o n  a 
given  component task may be d e f i n e d  as t h e  performance measure 
( s c o r e )  p r e d i c t e d  f o r  t h a t  task i n  t h e  M-task s i t u a t i o n  minus t h e  
s c o r e  when the  t a sk  i s  per formed a lone .  
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The  model  for  task  interference  is  validated  against  experi- 
mental  data in the  following  two  sections of this  report. In 
Section 3 we  consider  interference  among  independent  axes  of  control 
when  two  or  four  axes  are controlled  simultaneously.  Interference 
between  two  display  indicators  related  to  a  single  axis of control 
is  illustrated in Section 4. 

3 .  I N T E R F E R E N C E   A M O N G   I N D E P E N D E N T   A X E S   O F  C O N T R O L  
I n  t h i s  s e c t i o n  w e  compare data o b t a i n e d  f r o m  s e v e r a l  two- 
and  fou r -ax i s  manua l  con t ro l  expe r imen t s  w i t h  p r e d i c t i o n s  o b t a i n e d  
from the  model f o r  task i n t e r f e r e n c e .  The exper imenta l   and   ana l -  
y t i c a l  p r o c e d u r e s  u s e d  i n  o b t a i n i n g  these data are described i n  
de t a i l  i n  Appendix A ,  and a c o m p l e t e  p r e s e n t a t i o n  o f  t h e  e x p e r i -  
m e n t a l  r e s u l t s  i s  g i v e n  i n  Appendix B. We sha l l  c o n s i d e r  here 
only  those  exper iments  which  r e l a t e  d i r e c t l y  t o  t h e  s tudy  of  
c e n t r a l - p r o c e s s i n g  s o u r c e s  o f  task i n t e r f e r e n c e .  
EXPERIMENTAL C O N D I T I O N S  
The s u b j e c t s  were provided  w i t h  t h e  f o u r - a x i s  d i s p l a y  c o n f i p -  
u r a t i o n  shown i n  F i g .  3. Each  component d i s p l a y  c o n s i s t e d   o f  a 
moving e r r o r  bar and a s t a t i o n a r y  r e f e r e n c e  l i n e  p r e s e n t e d  on  an 
o s c i l l o s c o p e .  T h i s  c o n f i g u r a t i o n   p r o v i d e d   f o u r   v i e w i n g   c o n d i t i o n s :  
( a )  f o v e a l ,  ( b )  1 6 O  p e r i p h e r a l  w i t h  r e f e r e n c e   e x t r a p o l a t i o n   p o s -  
s i b l e  - as ,  fo r  example ,  when f i x a t i n g  t h e  upper  l e f t  d i s p l a y  and 
t r a c k i n g  a s i g n a l  o n  t h e  upper  r i g h t ,  ( c )  16O p e r i p h e r a l  w i t h  no 
r e f e r e n c e  e x t r a p o l a t i o n  p o s s i b l e ,  a n d  ( d )  22O per iphera l  a l s o  w i t h  
n o   r e f e r e n c e   e x t r a p o l a t i o n .   S i n c e  t h e  s t a t i o n a r y   r e f e r e n c e   l i n e  
became i m p e r c e p t i b l e  a few seconds a f t e r  p e r i p h e r a l  v i e w i n g  was 
i n i t i a t e d ,  t h e  s u b j e c t ' s  t r a c k i n g  p e r f o r m a n c e  was apprec iab ly  en-  
hanced whenever he c o u l d  e x t r a p o l a t e  the  z e r o  r e f e r e n c e  f r o m  h i s  
f i x a t i o n  p o i n t  t o  t h e  p e r i p h e r a l  d i s p l a y .  
A s i n p l e  d i s p l a y  was f i x a t e d  d u r i n g  t h e  e n t i r e  r u n  l e n g t h ,  
and  two or more axes  were c o n t r o l l e d   s i m u l t a n e o u s l y .   E a c h   d i s p l a y  
used i n  a g iven  mul t i ax i s  expe r imen t  was a l s o  t r a c k e d  s i n g l y  t o  
p rov ide  a set  o f  b a s e l i n e  m e a s u r e s  t o  a l l o w  e a c h  s u b j e c t  t o  s e r v e  
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c o n t r o l l e d  by each hand - i n  o r d e r  t o  p r o v i d e  c o n t r o l - d i s p l a y  
c o m p a t i b i l i t y .   V e l o c i t y   c o n t r o l  was provided  on each axis ,  and 
e a c h  i n p u t  s i g n a l  was cons t ruc ted  f rom a number o f  s i n u s o i d a l  com- 
ponen t s  chosen  to  s imula t e  a f i r s t - o r d e r  n o i s e  p r o c e s s  h a v i n g  a 
break  frequency a t  2 r ad / sec .  The i n p u t  was a p p l i e d  i n  p a r a l l e l  
w i t h  t h e  c o n t r o l l e r ' s  o u t p u t  ( i . e . ,  as a d i s tu rbance  on  veh ic l e  
v e l o c i t y ) .  D i f f e r e n t  i n p u t  waveforms were used  on  each  axis  s o  
t h a t  the s u b j e c t  w o u l d  p e r c e i v e  n o  l i n e a r  c o r r e l a t i o n s  among the 
I n p u t s .  The s u b j e c t s  - a l l  of them i n s t r u m e n t e d - r a t e d  a i r c r a f t  
p i l o t s  - were ins t ruc ted  to  minimize  mean-squared  system e r r o r  
when per forming  a s i n g l e  task and t o  minimize t h e  sum o f  t h e  com- 
ponent MS e r r o r  s c o r e s  when t r a c k i n g  m u l t i p l e  a x e s .  
FOUR-AXIS  TRACKING:  ONE  FOVEAL AND THREE  PERIPHERAL AXES 
We f i rs t  a n a l y z e  t h e  r e s u l t s  o f  a n  e x p e r i m e n t  i n  w h i c h  the  
. s u b j e c t s  were r e q u i r e d  t o  f i x a t e  t h e  u p p e r  l e f t  d i s p l a y  w h i l e  
t r a c k i n g  a l l  d i s p l a y s   s i m u l t a n e o u s l y .  No a t t empt  was made t o  
e q u a l i z e   t h e  component task d i f f i c u l t i e s .  On t h e  c o n t r a r y ,   s i n c e  
a l l  f o u r  i n p u t  s i g n a l s  were s t a t i s t i c a l l y  i d e n t i c a l ,  t h e  component 
t ask  d i f f i c u l t y  ( i n  t e r m s  o f  t h e  e r r o r  s c o r e )  i n c r e a s e d  w i t h  de- 
c r e a s i n g l y   f a v o r a b l e   v i e w i n g   c o n d i t i o n s .   I n   o r d e r   t o   o b t a i n ' m e a -  
s u r e s  t h a t  were most l i k e l y  t o  be r e p r e s e n t a t i v e  o f  s u b j e c t  be- 
h a v i o r  i n  g e n e r a l ,  a n d  a l s o  t o  c o n s e r v e  m o d e l l i n g  e f f o r t ,  t h e  per -  
formance  measures of  t h e  f o u r  s u b j e c t s  w e r e  a v e r a g e d  t o g e t h e r  f o r  
comparison w i t h  model p r e d i c t i o n s .  The var ious   per formance  mea- 
s u r e s  w e r e  a v e r a g e d  i n  a way t h a t  was both  convenient  and  in te rn-  
a l l y  c o n s i s t e n t :  we computed a geometr ic   average  of  the  e r r o r  
v a r i a n c e  s c o r e s  a l o n g  w i t h  a lgeb ra i c  ave rages  o f  t h e  normalized 
o b s e r v a t i o n  n o i s e  s p e c t r a  ( i n  d B ) ,  c o n t r o l l e r  a m p l i t u d e  r a t i o  ( i n  
d B ) ,  a n d  c o n t r o l l e r  p h a s e  s h i f t  ( i n  d e g r e e s ) .  
*We d e f i n e  t he  "geometr ic   average"  of  t he  v a r i a b l e  (x) as 
# 
The m o d e l  p a r a m e t e r s  o f  r e l a t i v e  w e i g h t i n g  o n  c o n t r o l - r a t e  
v a r i a n c e ,  time d e l a y ,  a n d  o b s e r v a t i o n  n o i s e  r a t i o  were a d j u s t e d  
t o  p r o v i d e  a good na tch  be tween  mode l  ou tpu t  and  s ing le -ax i s  fovea l  
t r a c k i n g  r e s u l t s .  The c o s t  w e i g h t i n g  o n  e r r o r  v a r i a n c e  was set t o  
un i ty ,   and  a l l  o t h e r  v a r i a b l e s  ( e x c e p t  rate o f  c o n t r o l  o u t p u t )  were 
g i v e n   z e r o   w e i g h t i n g   i n  t h e  c o s t   f u n c t i o n a l .  The moto r   no i se   va r i -  
ance  was se t  a t  a low enough  l eve l  s o  as t o  have a n e g l i g i b l e  ef-  
f e c t  on t h e  mode l ' s   ou tpu t .  The r e l a t i v e   w e i g h t i n g   o n   c o n t r o l  ra te  
was 0 .0002 ,  w h i c h  i n t r o d u c e d  a n  e f f e c t i v e  l a g  time c o n s t a n t  o f  
0 . 0 8 4 1  seconds .  A time de lay  of  0 .17  seconds   and   an   obse rva t ion  
n o i s e  r a t i o  o f  -21 .0  dB were found t o  p r o v i d e  a good  match. T h i s  
o b s e r v a t i o n  n o i s e  r a t i o ,  t h e r e f o r e ,  was s e l e c t e d  as t h e  r a t i o  r e p -  
r e s e n t i n g  " f u l l  a t t e n t i o n "  t o  t h e  task.  
Our c r i t e r i o n  f o r  a ''good"  match was t h a t  t h e  p r e d i c t e d  a n d  
m e a s u r e d  e r r o r  s c o r e s  a g r e e  t o  w i t h i n  l o % ,  and t h e  normal ized  ob- , 
s e r v a t i o n  n o i s e  s p e c t r a  a n d  c o n t r o l l e r  a m p l i t u d e  r a t i o s  g e n e r a l l y  
match t o  w i t h i n  2 dB.  (When t h e  above   requi rements  were met, t h e  
pred ic ted  and  measured  phase  sh i f t s  g e n e r a l l y  agreed t o  w i t h i n  1 0  
deg rees  a t  mid - f r equenc ie s . )  We d i d  n o t   a t t e m p t   t o   m a t c h  t h e  e r r o r  
ra te  o r  c o n t r o l - r e l a t e d  s c o r e s ;  t h e  p r e d i c t e d  v a l u e s  o f  these 
q u a n t i t i e s  t e n d e d  t o  b e  on t h e  o r d e r  o f  15  t o  30 p e r c e n t  less t h a n  
t h e  measured  values.   Note t h a t  ou r   p r imary   conce rn   he re  was t o  
choose  model  parameters  such t h a t  changes  i n  model  behavior  cor re-  
s p o n d i n g  t o  i n c r e a s e d  o b s e r v a t i o n  n o i s e  w o u l d  be r e p r e s e n t a t i v e  
of t h e  s i n g l e - a x i s ,  m u l t i - a x i s  d i f f e r e n c e s  i n  c o n t r o l l e r  b e h a v i o r .  
We d i d  no t  f e e l  t h a t  i t  was n e c e s s a r y  t o  m a t c h  e v e r y  de t a i l  o f  
c o n t r o l l e r  b e h a v i o r  t o  a c h i e v e  t h i s  g o a l .  
It was n e c e s s a r y  t o  e x t e n d  o u r  m o d e l  f o r  e q u i v a l e n t  o b s e r v a -  
t i o n  n o i s e  t o  a c c o u n t  f o r  t h e  e f f e c t s  o f  p e r i p h e r a l  v i e w i n g  o n  
s i n g l e - a x i s   t r a c k i n g   p e r f o r m a n c e .   S i n c e   t h e   s i n g l e - a x i s   e x p e r i -  
m e n t a l  r e s u l t s  ( d e s c r i b e d  f u l l y  i n  A p p e n d i x  B )  i n d i c a t e d  that  t h e  
2 4  
p e r i p h e r a l  o b s e r v a t i o n  p r o c e s s  was n o t  p r o p o r t i o n a l  t o  s i g n a l  v a r i -  
ance ,  we adopted  the  f o l l o w i n g  s i m p l e  m o d e l  t o  a c c o u n t  f o r  p e r i -  
p h e r a l  v i e w i n g  e f f e c t s :  
where uz i s  t h e  e f f e c t i v e  ( v e c t o r )  v a r i a n c e  o f  a n  i n t e r n a l  n o i s e  
p r o c e s s   a n d   r e p r e s e n t s   p e r i p h e r a l   t h r e s h o l d   e f f e c t s .  u2 i s  assumed 
t o  b e  i n v a r i a n t  w i t h  r e s p e c t  t o  t h e  va r i ance  o f  t he  d i s p l a y e d  s i g -  
n a l  , bu t  i t  w i l l  d e p e n d   o n   d i s p l a y   l o c a t i o n   a n d   o r i e n t a t i o n .  
Po i s  t h e  n o i s e  r a t i o  when f u l l  a t t e n t i o n  i s  d e v o t e d  t o  t h e  d i s p l a y .  
The p e r i p h e r a l  v e c t o r  v a r i a n c e  has two components  associated w i t h  
e a c h  i n d i c a t o r  - e f f e c t i v e  t h r e s h o l d s  f o r  p o s i t i o n  a n d  ra te  - which 
are not  assumed necessar i ly  to  have  t h e  same funct iona l  dependency  




I n  o r d e r  t o  q u a n t i f y  t h e  components  of u 2  f o r  e a c h  o f  t h e  
t h r e e  p e r i p h e r a l  v i e w i n g  c o n d i t i o n s  t h a t  we used ,  t h e  c o n t r o l - r a t e  
weight ing ,  time de lay ,  a n d  o b s e r v a t i o n  n o i s e  r a t i o  were kept  a t  
t h e i r  n o m i n a l  ( f o v e a l )  v a l u e s ,  a n d  t h e  p e r i p h e r a l  n o i s e  v a r i a n c e s  
were   ad jus ted   to   match  the  s i n g l e - a x i s  per iphera l  measures.  Table  
1 shows the  parameter  va lues  t h a t  were found to  match t h e  1-axis 
data c o r r e s p o n d i n g   t o  t h e  four   viewing  condi t ions.   Comparisons  of  
measured  and  "predic ted"  s ing le-ax is  normal ized  observa t ion  noise  





Since  we cannot measure the two  component s p e c t r a  o f  t h e  v e c t o r  
o b s e r v a t i o n  noise p r o c e s s  r ( t ) ,  w e  h a v e  r e f l e c t e d  c o n t r o l l e r  rem- 
n a n t  t o  a n  e q u i v a l e n t  scatZr n o i s e  p r o c e s s  i n j e c t e d  o n t o  s y s t e m  
e r r o r .  See Appendix A f o r  de t a i l s  of  t h e  computa t iona l   p rocedure .  
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TABLE 1 
Model Parameters t o  Match  Single-Axis  Measurements 
I I Parameter Viewing  Condi t ions  
L 
F o v e a l  
1 Time Delay T ( sec )  
.0841 , Lag F a c t o r  T N ( s e c )  
.17 
-21 .0  Obs. Noise R a t i o  Po ( d B )  
P e r i p h e r a l  E r r o r  V a r i a n c e  
I 
u2 DX (deg2) I 0 . 0  
16OPeriph 
Ref Ext  




P e r i p h e r a l  E r r o r  Rate 
V a r i a n c e  u2 ( [ d e g / s e c l  1 
I 
0 . 0  2 
P i  
2.96 
16OPeriph 
No Ref Ext  No Ref E x t  
22O P e r i p h  
.17 1 7  
,0841 .0841 
-21 .0  -21 .0  
7.62 59.2 
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2 2 O  P E R I P H E R A L   V I E W I N G   W I T H O U T   R E F E R E N C E  
E X T R A P O L A T I O N  
A v e r a g e  o f  4 s u b j e c t s ,  2 t r i a l s / s u b j e c t  
Once the f o u r  s i n g l e - a x i s  c o n d i t i o n s  had been matched,  our  
nex t  task was t o  compute t h e  t o t a l - t a s k  p e r f o r m a n c e  as a f u n c t i o n  
o f  t he  a l l o c a t i o n   o f   c a p a c i t y .   S i n c e  the  t o t a l  task c o n s i s t e d  
of f o u r  i n d e p e n d e n t  t r a c k i n g  tasks ,  t h i s  part of the  a n a l y t i c a l  
p rocedure  was p e r f o r m e d   i n  two s t e p s .   F i r s t ,   t h e   o p t i m a l - c o n t r o l  
model was ana lyzed  w i t h  s e v e r a l  v a l u e s  o f  o b s e r v a t i o n  n o i s e  r a t i o  
t o  p r e d i c t  f o r  each a x i s  t h e  r e l a t ionsh ip  be tween  pe r fo rmance  sco re  
( i n  t h i s  case, e r r o r  v a r i a n c e )  a n d  f r a c t i o n  o f  c a p a c i t y .  The re- 
maining model parameters were kep t  f i x e d  a t  t h e  numer i ca l  va lues  
shown i n  Table 1. The p r e d i c t e d  r e l a t i o n s h i p s  are shown f o r  t h e  
f o u r   v i e w i n g   c o n d i t i o n s   i n   F i g .  8 .  Optimum four-ax is   per formance  
was ob ta ined  by l o c a t i n g  t h e  o p e r a t i n g  p o i n t  w h i c h  y i e l d e d  minimun? 
t o t a l  s c o r e  - d e f i n e d  as t h e  sum of  t h e  f o u r  component e r r o r  v a r i -  
ance  sco res  - s u b j e c t  t o  t h e  c o n s t r a i n t  t ha t  t h e  f r a c t i o n s  of  cap- 
a c i t y  sum t o  u n i t y .  
P red ic t ed  and  measu red  e r ro r  va r i ance  sco res  are compared i n  
T a b l e  2 .  The 1-ax is   and   4-ax is   scores   ob ta ined   f rom t h e  manual 
c o n t r o l   e x p e r i m e n t s  are shown i n  T a b l e  2a. Also shown are t h e  
r a t i o s  o f  the  4 - a x i s  t o  1 - a x i s  s c o r e s  f o r  e a c h  v i e w i n g  c o n d i t i o n  
a n d   f o r  t h e  to t a l   pe r fo rmance   measu re .  Table 2b i n d i c a t e s  t h e  
predicted  opt imum  4-axis   performance:  i . e . ,  t h e  per formance   cor -  
r e s p o n d i n g  t o  t h e  d i s t r i b u t i o n  o f  c a p a c i t y  tha t  would y i e l d  t h e  
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S i n c e  the  sub jec t s  were n o t  i n s t r u c t e d  as t o  how t o  a p p o r t i o n  
t h e  t o t a l  e r r o r  among the  component  scores ,  t h e  most c r i t i c a l  t e s t  
of t h e  i n t e r f e r e n c e  m o d e l  i s  i t s  a b i l i t y  t o  p r e d i c t  t o t a l  s c o r e .  
T a b l e  2 shows t h a t  t h e  p r e d i c t e d  t o t a l  p e r f o r m a n c e  s c o r e  was w i t h i n  
3% of t h e  measured   score .  The m o d e l   p r e d i c t s  less well t h e  pe r -  
formance  on t h e  component  axes. The s u b j e c t s   a c h i e v e d   l o w e r   s c o r e s  
on t h e  fovea l  and  22' p e r i p h e r a l  tasks t h a n  t h e  model  would p r e d i c t ,  
whereas e x p e r i m e n t a l  s c o r e s  were g r e a t e r  t h a n  p r e d i c t e d  on t h e  a x e s  
c o r r e s p o n d i n g   t o  1.6' p e r i p h e r a l   v i e w i n g .  These r e s u l t s   s u g g e s t  t h a t  
t h e  s u b j e c t s  " t raded"  performance on one  pair   of   component  tasks f o r  
performance on t h e  remaining two with l i t t l e  d e g r a d a t i o n  i n  t o t a l  
performance.  
The p r e d i c t e d  f r a c t i o n s  o f  c a p a c i t y  a l l o c a t e d  t o  each compon- 
e n t  task a re  shown i n  T a b l e  2b .  Also shown are t h e  co r re spond ing  
o b s e r v a t i o n   n o i s e   r a t i o s .  The t r e n d   o f  t h e  mode l   p red ic t ions  
a g r e e s  w i t h  o u r  i n t u i t i v e  e x p e c t a t i o n s ;  t h e  p r e d i c t e d  f r a c t i o n s  o f  
capac i ty  ranged  f rom 0 .10  f o r  t h e  f o v e a l  task t o  0 .45  f o r  t he  22O 
p e r i p h e r a l  task.  
S ince  t h e  s u b j e c t s '  a l l o c a t i o n  o f  c a p a c i t y  was a p p a r e n t l y  d i f -  
f e r e n t  f r o m  tha t  p r e d i c t e d  by  t h e  model, a simple  model-matching 
procedure  was u s e d  t o  d e t e r m i n e  t h e  a c t u a l  a l l o c a t i o n  o f  c a p a c i t y .  
The cu rves  o f  F ig .  8 were used t o  a s s o c i a t e  a f r a c t i o n  o f  c a p a c i t y  
w i t h  t h e  e r r o r  v a r i a n c e  s c o r e  o b t a i n e d  o n  each a x i s  when t h e  f o u r  
axes  were c o n t r o l l e d   t o g e t h e r .  The r e s u l t s  o f  t h i s  procedure  are  
g i v e n   i n  T a b l e  2c.  The f r a c t i o n a l   c a p a c i t i e s   o b t a i n e d  by t h i s  
p rocedure  were n o t  s u b j e c t  t o  t he  c o n s t r a i n t  t h a t  t h e y  sum t o  u n i t y ;  
n e v e r t h e l e s s ,  we n o t e  i n  T a b l e  2c t h a t  t h e  sum o f  t h e  f r a c t i o n a l  
)c 
P
Because we q u a n t i z e d  our model r e s u l t s  t o  t h e  n e a r e s t  i n t e g r a l  
m u l t i p l e  o f  0.05 u n i t s  o f  f r a c t i o n a l  c a p a c i t y , . w e  c o u l d  n o t  m a t c h  
t h e  fou r -ax i s   s co re   pe r f ec t ly .   Compar i son   o f  T a b l e  2a and  2c 
s h o w s ,  n e v e r t h e l e s s ,  t h a t  m a t c h i n g  e r r o r s  were less t h a n  1 0 % .  
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c a p a c i t i e s  i s ,  i n   f a c t ,   n e a r l y   u n i t y .  It a p p e a r s ,   t h e n ,  t h a t  
t h e  s u b j e c t s  were o p e r a t i n g  w i t h i n  t he  c o n s t r a i n t  of a t o t a l  
f i x e d  c a p a c i t y .  
Model p r e d i c t i o n s  were o b t a i n e d  u s i n g  t h e  n o i s e  r a t i o s  shown 
i n  T a b l e  2c i n  o r d e r  t o  d e m o n s t r a t e  t ha t  ou r  mode l  s t ruc tu re  ac -  
c o u n t s  f o r  t h e  k i n d s  o f  1 - a x i s ,  4 - a x i s  d i f f e r e n c e s  o b s e r v e d  I n  
t h e  human con t ro l l e r ' s   f r equency-domain   measu res .   (No te  t h a t  t h e  
d e s c r i b i n g  f u n c t i o n s  a n d  o b s e r v a t i o n  n o i s e  s p e c t r a  were not matched 
by t h e  procedure  descr ibed  above  - only t h e  e r r o r  s c o r e s  were 
ma tched . )   Expe r imen ta l   and   measu red   con t ro l l e r   desc r ib ing   func -  
t i o n s  a n d  n o r m a l i z e d  o b s e r v a t i o n  n o i s e  s p e c t r a  are  compared f o r  
each  of  t h e  v i e w i n g  c o n d i t i o n s  i n  F i g s .  9-12. 
The model  pred ic ted  t h e  i m p o r t a n t  t r e n d s  o f  t h e  d i f f e r e n c e s ;  
namely, t h e  i n c r e a s e  i n  n o r m a l i z e d  o b s e r v a t i o n  n o i s e  l e v e l ,  t h e  
d e c r e a s e  i n  c o n t r o l l e r  g a i n ,  a n d  t h e  s l i g h t  i n c r e a s e  i n  high- 
f requency  phase  lag as t h e  number of  axes  t racked was i n c r e a s e d  
from 1 t o  4 .  The most no t i ceab le   d i sc repancy   be tween   p red ic t ed  
and measured t rends was o b s e r v e d  i n  t h e  o b s e r v a t i o n  n o i s e  r e s u l t s .  
Whereas t h e  expe r imen ta l  data show t h e  1-axis   and  4-axis   normalized 
s p e c t r a  n e a r l y  c o i n c i d i n g  a t  h i g h  f r e q u e n c i e s ,  t h e  mode l  i nd ica t e s  
t ha t  t h e  1 - a x i s ,  4 - a x i s  d i f f e r e n c e s  s h o u l d  b e  small a t  low fre- 
q u e n c i e s   a n d   l a r g e r  a t  h i g h   f r e q u e n c i e s .  We s u s p e c t  tha t  t h i s  
d i sc repancy  may h a v e  r e s u l t e d  p a r t l y  from a g r e a t e r  r e l i a n c e  on 
ra te  i n f o r m a t i o n  ( r e l a t i v e  t o  p o s i t i o n  i n f o r m a t i o n )  t h a n  was 
op t ima l .  T h a t  i s ,  t h e  s u b j e c t s  may have "traded" p o s i t i o n   i n f o r -  
m a t i o n  f o r  ra te  i n f o r m a t i o n  w i t h i n  a g i v e n  a x i s  o f  c o n t r o l ,  j u s t  
as t h e y  a p p a r e n t l y  traded per formance  on  one  ax is  for  per formance  
on a n o t h e r ,   w i t h o u t   a p p r e c i a b l y   a f f e c t i n g  t h e i r  t o t a l  s c o r e .  The 
* 
* 
I n  Ref. 9 w e  p r e s e n t  
shows t h a t  t h e  b reak  
spec t rum,  as well  as 
i n e d  by t h e  r a t i o  o f  
h i s  g a i n  on p o s i t i o n  
a simple model for c o n t r o l l e r  r e m n a n t  which 
f requency  of  t h e  no rma l i zed  obse rva t ion  no i se  
t h e  asymptot ic   low-f requency   leve l ,  i s  determ- 
the  c o n t r o l l e r ' s  g a i n  o n  r a t e  i n f o r m a t i o n  t o  
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A v e r a g e  o f  4 s u b j e c t s ,  2 t r i a l s / s u b j e c t  
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h igh- f r equency  po r t ions  o f  t h e  a m p l i t u d e - r a t i o  c u r v e s  shown i n  
F i g s .  9-11 are c o n s i s t e n t l y  h i g h e r  t h a n  t h o s e  p r e d i c t e d  by  t h e  
model, which i s  c o n s i s t e n t  w i t h  the  n o t i o n  that  t h e  s u b j e c t s  were 
u s i n g  somewhat  more v e l o c i t y  i n f o r m a t i o n  t h a n  p r e d i c t e d .  
TWO-AXIS T R A C K I N G :  ONE FOVEAL AND ONE PERIPHERAL TASK 
Model p r e d i c t i o n s  are now compared w i t h  the r e s u l t s  of a two- 
a x i s   t r a c k i n g   e x p e r i m e n t .  Vehicle d y n a m i c s   a n d   f o r c i n p f u n c t i o n  
s p e c t r a  were t h e  same as f o r  t h e  f o u r - a x i s  task. F o r  t h i s  e x p e r i -  
ment we a d j u s t e d  the  mean-squared  inputs  so  t h a t  t h e  fovea l  and  
p e r i p h e r a l  tasks would b e  of  approximate ly  t h e  same d i f f i c u l t y  i n  
terms of t h e  s i n g l e - a x i s  m e a n - s q u a r e d  e r r o r  s c o r e .  
The d i s p l a y  c o n f i g u r a t i o n  o f  F i g .  3 was used ,   bu t   on ly   two 
a d j a c e n t   d i s p l a y s  were a c t i v e   d u r i n g  a g i v e n   t r a c k i n g   r u n .  The 
s u b j e c t  was r e q u i r e d  t o  f i x a t e  a s i n g l e  d i s p l a y  t h r o u g h o u t  t h e  r u n  
and t o  t r a c k  that  d i s p l a y  f o v e a l l y  as well as t o  t r ack  p e r i p h e r a l l y  
the d i s p l a y  i n  t h e  n e a r e s t   c l o c k w i s e   p o s i t i o n .   S i n g l e - a x i s   f o v e a l  
and   per iphera l   measurements  were a l s o   o b t a i n e d .  The s u b j e c t  was 
t h u s  always able t o  e x t r a p o l a t e  a z e r o  r e f e r e n c e  t o  t h e  p e r i p h e r a l  
d i s p l a y   i n  t h i s  exper iment .  A l l  f o u r   p a i r s   o f   d i s p l a y s  were t r a c k e d  
i n   s e q u e n c e .  When t h e  two d i s p l a y s  were i n  t h e  same h o r i z o n t a l  
p l a n e ,  two  hands were n e e d e d  f o r  c o n t r o l ,  whereas only  one  hand 
o p e r a t i n g  a two-axis  manipula tor  was needed when t h e  d i s p l a y s  were 
i n  t h e  same v e r t i c a l  p l a n e .  I n  o r d e r  t o  e l i m i n a t e  a d i r e c t  s o u r c e  
of  m o t o r  i n t e r f e r e n c e ,  we c o n s i d e r  o n l y  t h o s e  t r i a l s  i n  which  two 
hands were n e e d e d  f o r  c o n t r o l .  
Rather t h a n  r e c a l i b r a t e  t h e  mode l  aga ins t  t h e  s i n g l e - a x i s  data 
o b t a i n e d  i n  t h i s  expe r imen t ,  we used t h e  s i n g l e - a x i s  r e s u l t s  o b t a i n e d  
i n  c o n j u n c t i o n  w i t h  t h e  p r e v i o u s  e x p e r i m e n t  t o  p r e d i c t  t h e  two-axis 
t o t a l  a n d  component e r r o r  s c o r e s .  We assumed t h e  model parameters 
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were t h e  same as f o r  t he  four-axis   experiment   and that  t h e r e f o r e  
t h e  r e l a t i o n s h i p  b e t w e e n  e r r o r  v a r i a n c e  a n d  f r a c t i o n  of c a p a c i t y  
was as shown i n  F i g .  8. The lower  two  curves  of t h i s  f i g u r e  were 
t r a n s l a t e d  a l o n g  t h e  o r d i n a t e  s o  that  t h e  s c o r e s  c o r r e s p o n d i n g  t o  
f u l l  c a p a c i t y  m a t c h e d  t h e  s i n g l e - a x i s  f o v e a l  a n d  p e r i p h e r a l  e r r o r  
v a r i a n c e   s c o r e s   m e a s u r e d   i n  t h i s  exper iment .  ( A  change i n  s c a l e  
f a c t o r  was needed  p r imar i ly  t o  a c c o u n t  f o r  t h e  i n c r e a s e d  mean- 
squared  d i s t u r b a n c e  i n p u t  a p p l i e d  t o  t h e  fovea l  ax is ,  and  second-  
a r i l y  f o r   l e a r n i n g   e f f e c t s . )   S i n c e   o n l y  two  axes were t r a c k e d  i n  
t h i s  exper iment ,  t h e  model r e s u l t s  were readi ly  combined t o  p r o -  
v i d e  t h e  c u r v e  o f  t o t a l  e r r o r  s c o r e  v e r s u s  t h e  f r a c t i o n  o f  c a p a c i t y  
on t h e  f o v e a l  task shown i n  F i g .  13 .  The f r a c t i o n a l  d i s t r i b u t i o n  
o f  c a p a c i t y  y i e l d i n g  t h e  minimum t o t a l  s c o r e  was obta ined  f rom t h i s  
curve .  
Pred ic ted  and  measu red  e r ro r  s co res ,  a long  w i t h  t h e  p r e d i c t e d  
a l l o c a t i o n  o f  c a p a c i t y  t o  t he  f o v e a l  a x i s ,  are shown i n  T a b l e  3. 
A s  i s  t h e  case w i t h  t h e  4 - a x i s  r e s u l t s ,  t h e  p r e d i c t e d  t o t a l  s c o r e  
i s  e x t r e m e l y  c l o s e  t o  t h e  measured t o t a l  s c o r e  - a d i f f e r e n c e  o f  
less t h a n  2 p e r c e n t .  The fovea l   and  per ipheral  components  of t h e  
s c o r e  were a l s o   p r e d i c t e d   r e a s o n a b l y  well. S i n c e   d i f f e r e n c e s  be-  
tween measured and predicted component  scores  were no larger t h a n  
1 0  p e r c e n t ,  w e  d i d  n o t  attempt t o  a c h i e v e  a f i n e r  match t o  t h e  2- 
a x i s  r e s u l t s .  The model p r e d i c t e d  a c a p a c i t y  d i s t r i b u t i o n  o f  50 
p e r c e n t   t o   e a c h   a x i s .   F i g u r e  1 3  shows t h a t  t h e  t o t a l   p e r f o r m a n c e  
s c o r e  was r e l a t i v e l y  i n s e n s i t i v e  t o  d i s t r i b u t i o n  o f  c a p a c i t y ;  the  
s u b j e c t s  c o u l d  h a v e  a l l o c a t e d  up t o  60 p e r c e n t  o f  t h e i r  c a p a c i t y  
t o  o n e  a x i s  o r  t h e  o t h e r  w i t h o u t  i n c r e a s i n g  t h e i r  t o t a l  s c o r e  by  
more t h a n  5 percent  above  t h e  p r e d i c t e d  minimum. 
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TABLE 3 
Comparison of Measured  and  Predic ted  Error  Var iance  
S c o r e s   f o r  t he  Two-Axis Task: Two-Handed C o n t r o l  Only 
Neasurement 
1-ax is  
2-axis  
R a t i o  
1-ax is  
2-axis  
R a t i o  
F r a c t  . Cap. 
Noise  Rat io  ( d B )  
CI 
Viewing Condition - 
Foveal  
35 
. 4 4  
1 .3  
35 
.48 
1 . 4  
50 
-18.0 
16OPer iph  
Ref Ext 
.24 
. 4 2  
1 . 8  
. 2 4  
- 39 
1 .6  
.50  
-18.0 




1 . 5  
58 
.87 
1 . 5  
1 . 0  
"- 
E r r o r  s c o r e  i n  degC v i s u a l  a r c  
Average of 4 s u b j e c t s ,  4 t r i a l s / s u b j e c t  
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TWO-AXIS TRACKING: TWO FOVEAL TASKS 
The model f o r  t a s k  i n t e r f e r e n c e  a l s o  a c c o u n t s  f o r  i n t e r f e r e n c e  
o b s e r v e d   i n   o n e   o f   o u r  ea r l i e r  two-axis   experiments  ( R e f .  4 ) .  In-  
dependent   axes   of  K/s dynamics were u s e d  i n  t h i s  e x p e r i m e n t ,  a l s o .  
Each  inpu t  s igna l  (wh ich  was a p p l i e d  as a command s i g n a l  r a the r  
t h a n  a v e h i c l e  d i s t u r b a n c e )  was composed  of  s inusoids  des igned  to  
s i m u l a t e  a r e c t a n g u l a r  s p e c t r u m  h a v i n g  a bandwidth of 2 r a d / s e c .  
I n  a d d i t i o n ,  a low-ampli tude,   h igh-frequency "she l f"  was added t o  
t h e  inpu t   t o   p rov ide   measu remen t s  a t  h i g h   f r e q u e n c i e s .  Two e r r o r  
d o t s  - o n e  f o r  e a c h  a x i s  o f  t r a c k i n g  - were d i s p l a y e d  t o  t h e  sub- 
j e c t  on a s i n g l e   o s c i l l o s c o p e .  The d o t s  moved i n  t h e  v e r t i c a l  
dimension, and t h e i r  a x e s  o f  t r a v e l  were separated h o r i z o n t a l l y  by 
about  0.8O v i s u a l   a r c .   S i n c e  t h e  diameter of t h e  fovea  i s  about  
2' v i s u a l  a r c ,  we assume tha t  t h e  d o t s  were both  v iewed fovea l ly  
most o f  t h e  time. S e p a r a t e   c o n t r o l s  were p r o v i d e d   f o r   e a c h   a x i s .  
Model parameters  were f i r s t  c h o s e n  t o  p r o v i d e  a good  match t o  
t h e  s i n g l e - a x i s   e x p e r i m e n t a l   r e s u l t s .  The  o b s e r v a t i o n   n o i s e   r a t i o  
was then  doubled  t o  s i m u l a t e  a n  equal d i v i s i o n  of p i l o t  c a p a c i t y  
between t h e  two axes .  A second-o rde r   Bu t t e rwor th   r ep resen ta t ion  
of  t h e  inpu t  spec t rum was found adequate t o  y i e l d  a r easonab ly  
a c c u r a t e   p r e d i c t i o n   o f   c o n t r o l l e r   b e h a v i o r .   K o d e l   p a r a m e t e r s  were 
chosen  which were found t o  b e  t y p i c a l  o f  t h e  s u b j e c t s  who p a r t i c i -  
p a t e d   i n  t h i s  exper iment :  ( a )  t h e  c o n t r o l - r a t e   w e i g h t i n a  was 
c h o s e n  t o  y i e l d  a n  e f f e c t i v e  l a g  time c o n s t a n t  o f  0 .084  s e c ,  ( b )  
time d e l a y  was s e t  a t  0.17 s ec ,  a n d  ( c )  a n  o b s e r v a t i o n  n o i s e  r a t i o  
* 
of - 2 1  dB was adopted as t h e  " f u l l  c a p a c i t y "  n o i s e  r a t i o .  I n  
** 
P 
O b s e r v a t i o n  n o i s e  s p e c t r a  were u n a v a i l a b l e  f o r  t h e  computat ion of  
c a p a c i t y   a l l o c a t i o n .  We the re fo re   a s sume  50 p e r c e n t   c a p a c i t y   o n  
each a x i s .  As we have  shown i n  t h e  p r e v i o u s   e x a m p l e s ,   t o t a l   p e r -  
formance i s  r e l a t i v e l y  i n s e n s i t i v e  t o  c a p a c i t y  a l l o c a t i o n .  
** 
The s u b j e c t s  u s e d  i n  t h i s  ea r ly  experiment  were t h e  same ones who 
p a r t i c i p a t e d  i n  t h e  4-ax is  exper iment  descr ibed  e a r l i e r  i n  t h i s  
sec t ion .   Hence ,  we use  t h e  same v a l u e s   f o r  model parameters t h a t  
we u s e d  t o  p r e d i c t  4 - a x i s  p e r f o r m a n c e .  
4 4  
a d d i t i o n ,  a nonze ro  moto r  no i se  l eve l  was needed because t h e  i n p u t  
was a command s i g n a l  a n d  n o t  a d i s t u r b a n c e  a p p l i e d  i n  p a r a l l e l  w i t h  
t h e  p i l o t ' s  c o n t r o l .  T h i s  n o i s e   l e v e l  was set  a t  about  -26 dE3 
r e l a t i v e  t o  c o n t r o l  power t o  be  c o n s i s t e n t  w i t h  motor n o i s e  l e v e l s  
u s e d  i n  m a t c h i n g  ea r l i e r  data o b t a i n e d  w i t h  command i n p u t s  ( R e f . 6 ) .  
Measured and predicted normalized mean-squared mean-squared- 
e r r o r  s c o r e s ,  a v e r a g e d  a c r o s s  t h e  two  axes ,  are  compared i n  T a b l e  4. 
The p r e d i c t e d  s c o r e s  d i f f e red  by l ess  t h a n  1 0 %  from t h e  measured 
s c o r e s .  Most i m p o r t a n t l y ,  t h e  p r e d i c t e d   r a t i o   o f  t h e  2 -ax i s   s co re  
t o  t h e  1 - a x i s  s c o r e  ( a b o u t  1 . 4 )  was v e r y  n e a r l y  t h a t  which was 
obse rved   expe r imen ta l ly .  T h u s ,  t h e  model f o r  task i n t e r f e r e n c e  
a c c o u n t s  f o r  t h e  e f f e c t  upon t h e  per formance  score  of  addinp  t h e  
second axis  o f  c o n t r o l .  
TABLE 4 
E f f e c t  o f  Number of fixes Tracked on  Measured 
and Predicted Normalized Mean-Squared Error Scores 
Normalized Mean-Squared Error 
1 -ax i s  2-axis  
1 . 4 0  . 0 6 5  . 047  Pred ic t ed  
1 . 4 5  . 0 7 3  .050  Measured 
R a t i o  
L I I I I 
Average  of 4 s u b j e c t s ,  2 t r i a l s / s u b j e c t  
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DISCUSSION OF THE INTERFERENCE MODEL 
A model f o r  t a s k  i n t e r f e r e n c e  has been descr ibed which i s  
based on t h e  n o t i o n  t h a t  t h e  human c o n t r o l l e r  p o s s e s s e s  a f i x e d  
amount o f  capac i ty  wh ich  he  a l l o c a t e s  among t h e  v a r i o u s  t r a c k i n g  
tasks t o  b e  performed.  By r e l a t i n g  a l l o c a t i o n  o f  c a p a c i t y  t o  
changes i n  e q u i v a l e n t  o b s e r v a t i o n  n o i s e  r a t i o ,  we have  employed 
t h e  op t ima l  con t ro l  mode l  o f  human b e h a v i o r  t o  p r e d i c t  t o t a l - t a s k  
p e r f o r m a n c e   s c o r e s   v e r y   a c c u r a t e l y .   I n   a d d i t i o n ,  t h e  e f f e c t s  of 
i n t e r f e r e n c e  o n  c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n s  a n d  o b s e r v a t i o n  
n o i s e  s p e c t r a  are reasonab ly  well p r e d i c t e d ,  a l t h o u g h  less accur -  
a t e ly  t h a n  t h e  e f f e c t  on t o t a l   p e r f o r m a n c e   s c o r e .  The a b i l i t y  t o  
p r e d i c t  c o r r e c t l y  t h e  t r e n d s  a l o n g  a l l  measurement  dimensions  sup- 
p o r t s  t h e  assumption t h a t  i n t e r f e r e n c e  e f f e c t s  c a n  b e  r e l a t e d  
d i r e c t l y  t o  a change i n  t he  o b s e r v a t i o n  n o i s e  r a t i o .  
The e f f e c t s  of  task in te r fe rence   on   measurements   ob ta ined   f rom 
a g i v e n  a x i s  o f  c o n t r o l  were, i n  g e n e r a l ,  less well p r e d i c t e d  t h a n  
t h e  to t a l  pe r fo rmance  measu re  (which was t h e  only  measure t h a t  t h e  
s u b j e c t s  were i n s t r u c t e d  t o  r e g u l a t e ) .  Th i s  l a c k   o f   p r e c i s i o n  may 
have stemmed p a r t l y  f r o m  a n  i n a d e q u a t e  r e p r e s e n t a t i o n  o f  t h e  e f f e c t s  
of   per iphera l   v iewing   on   observa t ion   no ise .   However ,  we s u s p e c t  
t h a t  t h e  ma jo r  sou rce  o f  e r ro r  i n  p red ic t ing  componen t - t a sk  pe r fo rm-  
ance  was t h e  f l e x i b i l i t y  p e r m i t t e d  i n  a c h i e v i n g  n e a r - o p t i m u m  s y s t e m  
performance.  For  example ,   s tud ies   per formed  wi th  t h e  model   indi-  
c a t e d  tha t  t h e  t o t a l  e r r o r  s c o r e  was r e l a t i v e l y  i n s e n s i t i v e  t o  a l -  
l o c a t i o n   o f   p i l o t   c a p a c i t y   a b o u t  t h e  nominal  optimum. S i m i l a r l y ,  
we would  expect a good f l i g h t  c o n t r o l  s y s t e m  t o  b e  somewhat i n sens -  
i t i v e  t o  de ta i l s  of t h e  p i l o t ' s  c o n t r o l  a n d  n o n i t o r i n g  s t r a t e g y .  
I n  g e n e r a l ,  the  accu racy  wi th  which we can  p red ic t  pe r fo rmance  
a l o n g  a given measurement  dimension should be r e l a t ed  d i r e c t l y  t o  
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t h e  p r e c i s i o n  w i t h  which the  measured  var iab le  must  be r e g u l a t e d  
i n  order t o  a c h i e v e  the  r equ i r ed  ove ra l l  sys t em pe r fo rmance .  
A more s e r i o u s  l i m i t a t i o n  o n  t h e  g e n e r a l i t y  of  our  model  for  
t a s k  i n t e r f e r e n c e  i s  t h a t  w e  d o  n o t  y e t  know  .how t o  p r e d i c t  what 
t h e  p i l o t ' s  t o t a l  c a p a c i t y  ( i n  terms of a n  e q u i v a l e n t  o b s e r v a t i o n  
n o i s e  r a t i o )  w i l l  be i n  a g i v e n   c o n t r o l   s i t u a t i o n .   A l t h o u g h . w e  
h a v e  f o u n d  s i n g l e - a x i s  n o i s e  r a t i o s  t o  be about  -20 d B  f o r  c o n t r o l  
tasks i n v o l v i n g  s tab le  vehic le  dynamics ,  w e  show i n  the  nex t  sec- 
t i o n  o f  t h i s  r e p o r t  t h a t  n o i s e  r a t i o s  as low as -26 d B  were measured 
when the' dynamics were u n s t a b l e .  (The s u b j e c t s   a p p a r e n t l y  were 
i n d u c e d  t o  a c h i e v e  a p a r t i c u l a r l y  low n o i s e  l e v e l  b e c a u s e  of t h e  
h i g h  s e n s i t i v i t y  o f  s y s t e m  performance t o  the o b s e r v a t i o n  n o i s e  
r a t i o . )  U n t i l  w e  unde r s t and  b e t t e r  how t h e  p i l o t ' s  a p p a r e n t  c a p a c i t y  
depends  upon t h e  n a t u r e  o f  t h e  c o n t r o l  s i t u a t i o n ,  s i n g l e - v a r i a b l e  
" c a l i b r a t i o n "  e x p e r i m e n t s  w i l l  b e  necessa ry  s o  tha t  nominal  model 
pa rame te r   va lues   can  be de termined .  We c o n t i n u e   t o   a s s u m e ,  on the  
basis o f  o u r  r e s u l t s ,  t ha t  t h e  p i l o t ' s  c a p a c i t y  r e m a i n s  f i x e d  f o r  
a g iven  t y p e  o f  c o n t r o l  s i t u a t i o n  ( a n d  f o r  a g i v e n  l e v e l  o f  p i l o t  
p r o f i c i e n c y  1. 
Although model  and  exper imenta l  resu l t s  are i n  good  agreement, 
t h e  phenomenon of task i n t e r f e r e n c e  i s  c lear ly  more  complex  than 
our   model   would  indicate .   For   example,  w e  show i n  Appendix B t h a t  
t w o - a x i s  i n t e r f e r e n c e  i s  greater  when a s ing le  two-ax i s  man ipu la to r  
i s  u s e d   t h a n  when two   s ing le -ax i s   man ipu la to r s  are employed. This  
r e s u l t  i s  s u g g e s t i v e  o f  p e r i p h e r a l  m o t o r  i n t e r f e r e n c e  e f f ec t s  i n  
a d d i t i o n  t o  t h e  c e n t r a l - p r o c e s s i n g  i n t e r f e r e n c e  tha t  w e  have modelled.  
The n e a r - p e r f e c t  p r e d i c t i o n  of t he  t o t a l  f o u r - a x i s  s c o r e  i s  a b i t  
s u r p r i s i n g ,  t h e n ,  when one  cons iders  t h a t  moto r  i n t e r f e rence  mus t  
h a v e   b e e n   p r e s e n t   i n  t h i s  c o n t r o l   s i t u a t i o n .   A p p a r e n t l y ,  there 
were compensating errors i n  o u r  m o d e l  s t r u c t u r e  (e .g . ,  t h e  s u b j e c t s  
may have  inc reased  t h e i r  t o t a l  c a p a c i t y  i n  t h i s  v e r y  demanding 
c o n t r o l  s i t u a t i o n ) .  
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The data a g a i n s t  w h i c h  the model f o r  i n t e r f e r e n c e  has been 
tes ted  h a v e  b e e n  o b t a i n e d  e n t i r e l y  f r o m  e x p e r i m e n t s  i n  which t h e  
s u b j e c t s  were n o t  a l l o w e d  t o  s c a n  v i s u a l l y .  A l t h o u g h  we have ob- 
t a i n e d  a body  of data r e l a t i n g  t o  f o u r - a x i s  c o n t r o l  w i t h  s cann ing  
permi t ted  (see Appendix E ) ,  we have not  been able t o  model t h i s  
s i t u a t i o n   p r o p e r l y .  The cu r ren t   imp lemen ta t ion   o f  t h e  opt imal -  
c o n t r o l  model  does  not now a l l o w  us t o  a n a l y z e  t h e  s i t u a t i o n  i n  
which  both  scanning  and task i n t e r f e r e n c e   o c c u r .  T h i s  does   no t  
r e f l e c t  a c o n c e p t u a l  l i m i t a t i o n  o n  t h e  in te r fe rence  model ,  however .  
C o n s i d e r a t i o n  o f  o b s e r v a t i o n  n o i s e  p r o c e s s e s  w h o s e  s t a t i s t i c s  v a r y  
w i t h  time i n  accordance w i t h  t h e  s u b j e c t ' s  f i x a t i o n  p o i n t  (see 
Ref. 5 )  s h o u l d  e n a b l e  t h e  o p t i m a l - c o n t r o l  m o d e l  t o  y i e l d  p r e d i c -  
t i o n s  o f  p i l o t  b e h a v i o r  w h i c h  i n c l u d e  t h e  e f fec ts  b o t h  o f  v i s u a l  
s c a n n i n p   a n d   o f   c e n t r a l - p r o c e s s i n g   l i m i t a t i o n s .  F u r t h e r  develop-  
ment  of t h e  opt imal -cont ro l  model  w i l l  b e  n e c e s s a r y  b e f o r e  t h i s  
c a p a b i l i t y  i s  r e a l i z e d .  
S i n c e  m o d e r n  a i r c r a f t  d i s p l a y s  are t e n d i n g  t o  p l a c e  m u l t i p l e  
d i s p l a y  e l e m e n t s  i n  c l o s e  p r o x i m i t y  t o  o n e  a n o t h e r ,  o u r  a b i l i t y  t o  
p r e d i c t  t h e  pe r fo rmance  o f  such  f l i gh t - con t ro l  systems may depend 
i n c r e a s i n g l y  less upon o u r  a b i l i t y  t o  p r e d i c t  s c a n n i n g  b e h a v i o r  
and more upon the accuracy  w i t h  which we c a n  p r e d i c t  m u t u a l  i n t e r -  
f e r e n c e  among e lements   v iewed  fovea l ly .  We have  shown t h a t  o u r  
model f o r  task i n t e r f e r e n c e  a c c o u n t s  f o r  i n t e r f e r e n c e  b e t w e e n  two 
l i n e a r l y   i n d e p e n d e n t ,   f o v e a l  d i s p l a y s .  The expe r imen t   desc r ibed  
i n  t h e  f o l l o w i n g  s e c t i o n  o f  t h i s  r e p o r t  deals w i t h  t h e  n a t u r e  o f  
i n t e r f e rence  be tween  two  h i g h l y  coupled  d i s p l a y  e lements .  
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t h e  p r e c i s i o n  w i t h  which the  measured  var iab le  must  b e  r e g u l a t e d  
i n  o r d e r  t o  a c h i e v e  the  r e q u i r e d  o v e r a l l  s y s t e m  p e r f o r m a n c e .  
A more s e r i o u s  l i m i t a t i o n  o n  t h e  g e n e r a l i t y  of ou r  mode l  fo r  
task i n t e r f e r e n c e  i s  t h a t  w e  do  no t  ye t  know how t o  p r e d i c t  what 
t h e  p i l o t ' s  t o t a l  c a p a c i t y  ( i n  terms o f  a n  e q u i v a l e n t  o b s e r v a t i o n  
n o i s e  r a t i o )  w i l l  be i n  a g i v e n   c o n t r o l   s i t u a t i o n .   A l t h o u g h . w e  
h a v e  f o u n d  s i n g l e - a x i s  n o i s e  r a t i o s  t o  be abou t  -20 dB f o r  c o n t r o l  
tasks i n v o l v i n g  s tab le  veh ic l e  dynamics ,  w e  show i n  t h e  nex t  sec- 
t i o n  o f  t h i s  r e p o r t  t ha t  n o i s e  ratios as low as -26 dB were measured 
when the' dynamics were u n s t a b l e .   ( T h e   s u b j e c t s   a p p a r e n t l y  were 
i n d u c e d  t o  a c h i e v e  a p a r t i c u l a r l y  low n o i s e  l e v e l  b e c a u s e  o f  t he  
h i g h  s e n s i t i v i t y  o f  s y s t e m  performance t o  t h e  o b s e r v a t i o n  n o i s e  
r a t i o . )  U n t i l  we unde r s t and  b e t t e r  how t h e  p i l o t ' s  a p p a r e n t  c a p a c i t y  
depends  upon t h e  n a t u r e  of t h e  c o n t r o l  s i t u a t i o n ,  s i n g l e - v a r i a b l e  
" c a l i b r a t i o n "  e x p e r i m e n t s  w i l l  b e  necessa ry  s o  tha t  nominal  model 
pa rame te r   va lues   can  be de te rmined .  We c o n t i n u e   t o   a s s u m e ,  on the  
basis o f  o u r  r e s u l t s ,  t ha t  t h e  p i l o t ' s  c a p a c i t y  r e m a i n s  f i x e d  f o r  
a g i v e n  t y p e  o f  c o n t r o l  s i t u a t i o n  ( a n d  f o r  a g i v e n  l e v e l  o f  p i l o t  
p r o f i c i e n c y ) .  
Al though model  and  exper imenta l  resu l t s  are i n  good  agreement, 
the  phenomenon  of t ask  i n t e r f e r e n c e  i s  c l e a r l y  more  complex t h a n  
our   model   would  indicate .   For   example,  w e  show i n  Appendix B t ha t  
t w o - a x i s  i n t e r f e r e n c e  i s  greater when a s i n g l e  t w o - a x i s  m a n i p u l a t o r  
i s  used   t han  when two   s ing le -ax i s   man ipu la to r s  are employed. T h i s  
r e s u l t  i s  s u g g e s t i v e  o f  p e r i p h e r a l  m o t o r  i n t e r f e r e n c e  e f f ec t s  i n  
a d d i t i o n  t o  t h e  c e n t r a l - p r o c e s s i n g  i n t e r f e r e n c e  that  w e  have modelled.  
The n e a r - p e r f e c t  p r e d i c t i o n  o f  t h e  t o t a l  f o u r - a x i s  s c o r e  i s  a b i t  
s u r p r i s i n g ,  t h e n ,  when one  cons ide r s  t ha t  mo to r  i n t e r f e rence  mus t  
h a v e   b e e n   p r e s e n t   i n  t h i s  c o n t r o l   s i t u a t i o n .   A p p a r e n t l y ,  there 
were compensating errors i n  ou r  model s t r u c t u r e  (e.g. ,  t h e  s u b j e c t s  
may have  inc reased  t h e i r  t o t a l  c a p a c i t y  i n  t h i s  v e r y  d e m a n d i n g  
c o n t r o l  s i t u a t i o n ) .  
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The data against which the  model f o r  i n t e r f e r e n c e  has been  
tes ted  h a v e  b e e n  o b t a i n e d  e n t i r e l y  f r o m  e x p e r i m e n t s  i n  which t h e  
s u b j e c t s  were n o t  a l l o w e d  t o  s c a n  v i s u a l l y .  A l t h o u g h  w e  have ob- 
t a i n e d  a body  of data r e l a t i n g  t o  f o u r - a x i s  c o n t r o l  w i t h  s cann ing  
permitted (see Appendix E ) ,  we have  not  been  able t o  model t h i s  
s i t u a t i o n   p r o p e r l y .  The cu r ren t   imp lemen ta t ion   o f  t h e  opt imal -  
cont ro l  model  does  not  now a l l o w  u s  t o  a n a l y z e  t h e  s i t u a t i o n  i n  
which  both  scanning  and task i n t e r f e r e n c e   o c c u r .  T h i s  does   no t  
r e f l e c t  a c o n c e p t u a l  l i m i t a t i o n  o n  t h e  in te r fe rence  model ,  however .  
C o n s i d e r a t i o n  o f  o b s e r v a t i o n  n o i s e  p r o c e s s e s  w h o s e  s t a t i s t i c s  v a r y  
w i t h  time i n  a c c o r d a n c e  w i t h  t h e  s u b j e c t ' s  f i x a t i o n  p o i n t  (see 
Ref. 5 )  shou ld  enab le  t h e  o p t i m a l - c o n t r o l  m o d e l  t o  y i e l d  p r e d i c -  
t i o n s  o f  p i l o t  b e h a v i o r  which i n c l u d e  t h e  e f f e c t s  b o t h  o f  v i s u a l  
s c a n n i n g   a n d   o f   c e n t r a l - p r o c e s s i n g   l i m i t a t i o n s .   F u r t h e r   d e v e l o p -  
ment  of t h e  opt imal -cont ro l  model  w i l l  b e  n e c e s s a r y  b e f o r e  t h i s  
c a p a b i l i t y  i s  r e a l i z e d .  
S i n c e  m o d e r n  a i r c r a f t  d i s p l a y s  a re  t e n d i n g  t o  p l a c e  m u l t i p l e  
d i s p l a y  e l e m e n t s  i n  c l o s e  p r o x i m i t y  t o  o n e  a n o t h e r ,  o u r  a b i l i t y  t o  
p r e d i c t  t h e  pe r fo rmance  o f  such  f l i gh t - con t ro l  systems may depend 
i n c r e a s i n g l y  less upon  our a b i l i t y  t o  p r e d i c t  s c a n n i n g  b e h a v i o r  
and  more  upon t h e  accuracy  w i t h  which we c a n  p r e d i c t  m u t u a l  i n t e r -  
f e r e n c e  among e lements   v iewed  fovea l ly .  We have  shown t h a t  o u r  
model f o r  task i n t e r f e r e n c e  a c c o u n t s  f o r  i n t e r f e r e n c e  b e t w e e n  two 
l i n e a r l y   i n d e p e n d e n t ,   f o v e a l  d i s p l a y s .  The expe r imen t   desc r ibed  
i n  t h e  f o l l o w i n g  s e c t i o n  o f  t h i s  r epor t  deals  w i t h  t h e  n a t u r e  o f  
i n t e r f e r e n c e  b e t w e e n  two h i g h l y  coupled  d i s p l a y  e l emen t s .  
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4. I N T E R F E R E N C E   W I T H I N  A S I N G L E   A X I S  OF C O N T R O L  
One o f  t he  a s sumpt ions  unde r ly ing  the  model f o r  task i n t e r f e r -  
ence  descr ibed i n  S e c t i o n  2 i s  tha t  c e n t r a l  s o u r c e s  o f  i n t e r f e r e n c e  
can be t reated as p e r t u r b a t i o n s  of t h e  e q u i v a l e n t  o b s e r v a t i o n  n o i s e .  
When system s t a t e  i n f o r m a t i o n  i s  t o  b e  p r e s e n t e d  v i s u a l l y ,  w e  assume 
t h a t  i n t e r f e r e n c e  o c c u r s  among the  d i s p l a y  i n d i c a t o r s  v i e w e d  by t h e  
p i l o t .  I n  t h e  p r e c e d i n g   s e c t i o n   o f  t h i s  r e p o r t  we showed t h a t  the  
in t e r f e rence  mode l  p rov ided  r easonab ly  good p r e d i c t i o n s  o f  t h e  ef-  
f e c t s  o f  i n t e r f e r e n c e  f o r  a s e t  o f  m u l t i - a x i s  c o n t r o l  s i t u a t i o n s  
i n  which there  were no l i n e a r  c o r r e l a t i o n s  among t h e  d i s p l a y  i n d i -  
c a t o r s .   I n  t h i s  s e c t i o n  we d i s c u s s   e x p e r i m e n t s   c o n d u c t e d   t o  deter-  
mine whether  o r  n o t  t h e  model a l s o  a p p l i e s  when t h e  d i s p l a y e d  v a r i -  
ables are h i g h l y   c o r r e l a t e d .  Our expe r imen ta l  s t ra tegy was similar 
t o  t h a t  d e s c r i b e d   p r e v i o u s l y :  ( a )  a s e t  o f   s i n g l e - v a r i a b l e  cal ibra-  
t i o n  t r ia l s  was r u n  t o  d e t e r m i n e  n o m i n a l  v a l u e s  f o r  m o d e l  p a r a m e t e r s ,  
( b )  manual  cont ro l  data were ob ta ined  us ing  two  ind ica to r s ,  and  
( c )  mode l  p red ic t ions  were compared w i t h  expe r imen ta l  data t o  deter-  
mine t h e  n a t u r e  o f  t h e  i n t e r f e r e n c e .  
EXPERIMENTAL C O N D I T I O N S  
The b a s i c  e x p e r i m e n t a l  apparatus a n d  a n a l y t i c a l  t o o l s  d e s c r i b e d  
i n  Appendix A were employed i n  t h i s  exper iment .  The s p e c i f i c  e x p e r i -  
menta l  des ign  i s  desc r ibed  be low.  




where K was set  t o  1 . 0  degrees v i s u a l  a r c  per second pe r  newton 
o f   c o n t r o l   f o r c e .  These dynamics were implemented as the  cascade 
of two subsystems K1/s and K2/(s-l), as shown i n  F i g .  1 4 .  Two 
d i s p l a y  cond i t ions  were i n v e s t i g a t e d .   F o r  half  t h e  t r a i n i n g  a n d  
data t r a i l s ,  on ly  the  s y s t e m  e r r o r  x ( t )  was d isp layed;  b o t h  x ( t )  
and t h e  a u x i l i a r y  s i g n a l  y ( t )  ( t h e  output  of  the  f i rs t  subsystem) 
were d i sp layed  f o r   t h e   r e m a i n i n g  t r i a l s .  Numer ica l   va lues   for  t h e  
exper imenta l  parameters  shown i n  F ig .  1 4  are t a b u l a t e d  i n  T a b l e  5. 
2 
TABLE 5 
Experimental  Units and Parameter Va lues  fo r  the  F i rs t  Exper iment  
Uni t s  
v o l t s  
newtons 
~~ ~ ~ 
degree v i s u a l  a r c  
degree v i s u a l  a r c  
v o l t s  
(a rc-degree /sec /vol t  
(degree /sec) /degree  
(d imens ion le s s )  
vol ts /hewton 
(degree/sec  ) /newton 2 
v o l t s  2 
Value 
( v a r i a b  l e  ) 
( v a r i  ab l e  ) 
( v a r i  ab  l e  ) 
( v a r i a b l e  ) 
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The vehic le  dynamics  shown i n  Eq. (15) were selected f o r  t h i s  
e x p e r i m e n t   f o r   t w o   r e a s o n s .   F i r s t ,  t h e  system was c o n t r o l l a b l e  
when x ( t )  was d i s p l a y e d  a l o n e .  An e x p e r i m e n t   c o u l d   t h e r e f o r e  be  
performed t o  d e t e r m i n e  p i l o t  ( i . e . ,  model) parameters of  time d e l a y ,  
s u b j e c t i v e  w e i g h t i n g ,  a n d  o b s e r v a t i o n  n o i s e  r a t i o  w i t h  t h e  s u b j e c t s  
c o n t r o l l i n g  t h e  same s y s t e m  tha t  t h e y  would  have i n  t h e  r u l t i -  
i n d i c a t o r  s i t u a t i o n .  Our a b i l i t y  t o  p e r f o r m  t h i s  k i n d   o f   c a l i b r a -  
t i o n  e x p e r i m e n t  was c r u c i a l  t o  t he  t e s t  o f  o u r  m o d e l  f o r  i n t e r f e r -  
ence .   Second ,   p re l imina ry   mode l   ana lys i s   i nd ica t ed  t h a t  performance 
would be cons iderably  enhanced  i f  there  were no i n t e r f e r e n c e  b e t w e e n  
t h e  s u b j e c t ' s   p e r c e p t i o n   o f   x ( t )   a n d  h i s  p e r c e p t i o n   o f  y ( t ) .  We 
thus  cou ld  expec t  a s e n s i t i v e  t e s t  of t h e  i n t e r f e r e n c e  h y p o t h e s i s .  
Figure  15  shows t h e  d i s p l a y  format  used  when b o t h  x ( t )  a n d  y ( t )  
were d i s p l a y e d .  These two q u a n t i t i e s  were p r e s e n t e d   e l e c t r o n i c a l l y  
as two bars of  l i g h t .  The z e r o   r e f e r e n c e  was i d e n t i f i e d  by two 
shor t  s egmen t s  o f  tape p l a c e d  on t h e  h o r i z o n t a l  a x i s  o f  t h e  ' scope  
f a c e .  We were i n i t i a l l y   u n c e r t a i n   o f  t h e  a p p r o p r i a t e   f o r m a t   f o r  
d i s p l a y i n g   x ( t )   a l o n e .   I n   o r d e r   t o   p r o v i d e  a c o n s i s t e n t   z e r o  r e f -  
e rence  th roughou t  t h i s  exper iment ,  w e  desired t o  b l a n k  t h e  Y i n d i -  
c a t o r  when y ( t >  was no t  d i s p l a y e d .  On t h e  o t h e r   h a n d ,   c o n s i s t e n c y  
w i t h  p r e v i o u s  e x p e r i m e n t s  d i c t a t e d  tha t  t he  Y i n d i c a t o r  be d i s p l a y e d  
as a n   a u x i l i a r y   z e r o   r e f e r e n c e .   S i n c e  we d i d  n o t  know whether o r  
not performance would be s i g n i f i c a n t l y  a f f ec t ed  by  t h e  p r e s e n c e  o r  
absence  o f  t h e  a u x i l i a r y  z e r o  r e f e r e n c e ,  half  of t h e  x ( t ) - a l o n e  
t r i a l s  were conducted w i t h  each of  these two d i s p l a y  fo rma t s .  
The i n p u t  f o r c i n g  f u n c t i o n  c o n s i s t e d  o f  a s i m u l a t e d  first- 
o r d e r  n o i s e  s p e c t r u m  h a v i n g  a break f requency  of  2 rad/sec, as 
d e s c r i b e d   i n   A p p e n d i x  A .  I npu t  parameters shown i n  Table A-3 were 
u s e d   f o r  t h i s  exper iment .  The i n p u t  was a p p l i e d  as a v e h i c l e  d i s -  
t u r b a n c e ,  e s s e n t i a l l y  i n  pa ra l l e l  w i t h  t h e  p i l o t ' s  c o n t r o l  as shown 
i n  F i g .  1 4 .  The i n p u t  v a r i a n c e  was c h o s e n  t o  p r o v i d e  a n  rms er ror  
f o r  t he  s i n g l e - i n d i c a t o r  d i s p l a y  s i t u a t i o n  that  was approximate ly  
e q u a l  t o  t h e  rms e r r o r s  o b t a i n e d  i n  p r e v i o u s  e x p e r i m e n t s  ( b e t w e e n  
0.25 and 0.5 d e g r e e s  v i s u a l  a r c ) .  
S u b j e c t s  were provided  mixed  t ra in ing  on  the v a r i o u s  d i s p l a y  
c o n d i t i o n s  t h r o u g h o u t  t h e  t r a i n i n g  p e r i o d ,  a n d  a ba lanced  expe r i -  
men ta l   des ign  was used.  Half of t he  t r a i n i n g  a n d  data t r ia l s  were 
conducted w i t h  y ( t )  d i s p l a y e d .  The s u b j e c t s  were i n s t r u c t e d  t o  
minimize t h e  mean-squared system e r r o r  s i g n a l  x ( t )  a t  a l l  times. 
They were n o t  t o l d  how t o  u s e  t h e  a u x i l i a r y  s i g n a l  y ( t ) ,  no r  were 
t h e y  a s s u r e d  t h a t  t h e  l a t t e r  s i g n a l  would n e c e s s a r i l y  a id  i n  t h e i r  
c o n t r o l  o f  t h e  s i g n a l .  
S i n c e  t h e  s u b j e c t s  who had p a r t i c i p a t e d  i n  t h e  f i r s t  e x p e r i -  
mental  program were t r a n s f e r r e d  o u t  o f  o u r  l o c a l i t y  d u r i n g  t h e  i n -  
t e r v a l  b e t w e e n  t h e  two experimental  programs,  a new se t  o f  f o u r  
s u b j e c t s  were u s e d   f o r  t h i s  program. Two of  t h e  s u b j e c t s  ( J M  and 
K G )  were h e l i c o p t e r  p i l o t s  c u r r e n t l y  a c t i v e  i n  t h e  Naval  Reserves;  
t h e  remain ing  two (WM and WR) were c o m m e r c i a l   i n s t r u c t o r s .  A l l  
p i l o t s  had i n s t r u m e n t  r a t i n g s ,  a n d  n o n e  ( e x c e p t  f o r  JM) had pa r t i -  
c i p a t e d  i n  p r e v i o u s  e x p e r i m e n t a l  p r o e r a m s  w i t h  u s .  
EXPERIMENTAL RESULTS 
The r e s u l t s  o f  t he  s i n g l e - a x i s ,  m u l t i v a r i a b l e  e x p e r i m e n t s  are 
p r e s e n t e d   i n  t h i s  s e c t i o n .   A v e r a g e   r e s u l t s   o f   f o u r   s u b j e c t s  are 
g iven  here; p e r f o r m a n c e  m e a s u r e s  f o r  i n d i v i d u a l  s u b j e c t s  are i n  
Appendix D. A subsequen t   expe r imen t ,   conduc ted   t o   con f i rm t h e  very  
low o b s e r v a t i o n  n o i s e  r a t i o s  o b t a i n e d  i n  t h i s  exper iment ,  i s  d is -  
cussed  in  Append ix  c. 
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V a l i d a t i o n  o f  I n t e r f e r e n c e  Mode.% 
Model parameters were se lec ted  t o  p r o v i d e  a "good match" (as 
d e f i n e d  i n  t he  p r e c e d i n g  s e c t i o n  o f  t h i s  r e p o r t )  t o  t h e  e x p e r i m e n t a l  
data o b t a i n e d  w i t h  t h e  s i n g l e - i n d i c a t o r  d i s p l a y .  The r e l a t i v e  c o s t  
w e i g h t i n g   o n   c o n t r o l  ra te  was f o u n d   t o  b e  7 .5  x which produced 
a l ag  time cons tan t  o f  abou t  0 . 0 9 3  s e c o n d s  i n  t h e  c o n t r o l l e r ' s  
d e s c r i b i n g   f u n c t i o n .   C o n t r o l l e r  time d e l a y  was 0 .20  sec ,   and  t h e  
o b s e r v a t i o n  a n d  m o t o r  n o i s e  r a t i o s  were, r e s p e c t i v e l y ,  - 2 6 . 9  a n d  
-29.5 dB. An o b s e r v a t i o n   n o i s e   r a t i o  of -26 d B  was t h u s   a s s o c i a t e d  
w i t h  f u l l  p i l o t  c a p a c i t y  f o r  t h i s  exper iment .  
* 
Pred ic t ed  and measured human c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n s  
a n d  n o r m a l i z e d  o b s e r v a t i o n  n o i s e  s p e c t r a  f o r  t h e  X-only d i s p l a y  
c o n d i t i o n  are shown i n  F ig .  16 .   (S ince  t h e  s u b j e c t ' s  p r i m a r y  per- 
c e p t u a l  task was t o  estimate i n d i c a t o r  v e l o c i t y ,  r e m n a n t  was 
r e f l e c t e d  t o  a s c a l a r  n o i s e  p r o c e s s  i n j e c t e d  o n t o  e r r o r  r a t e  and 
normal ized  w i t h  respect t o  e r r o r - r a t e   v a r i a n c e . )   E x c e p t   f o r  t h e  
measurements a t  t h e  ends  of  t h e  frequency  range  shown, t h e  measured 
a n d  p r e d i c t e d  a m p l i t u d e  r a t i o s  a n d  n o i s e  s p e c t r a  agreed t o  w i t h i n  
about  1 dB, and the  phase-shift wasmatched t o  w i t h i n  1 0  degrees ove r  
most  of t h i s  r ange .  
Once t h e  model was c a l i b r a t e d  i n  t h i s  manner, we t h e n  t e s t ed  
i t  a g a i n s t  two  hypotheses:  ( a )  no i n t e r f e r e n c e ,   a n d  ( b )  f u l l  i n t e r -  
f e rence  be tween  t h e  p e r c e p t u a l  tasks o f  e s t i m a t i n g  x ( t )  a n d  y ( t ) .  
I n  terms of  model parameters, " n o  i n t e r f e r e n c e "  imp l i ed  o b s e r v a t i o n  
n o i s e  r a t i o s  o f  -26 d B  a s s o c i a t e d  w i t h  t h e  v a r i a b l e s  x ( t ) ,  i ( t ) ,  
y ( t ) ,  and i ( t ) ;  o t h e r  model parameters were h e l d  c o n s t a n t .  The 
P
Note t ha t  motor   no ise  was not  assumed t o  b e  n e g l i g i b l e .  We found 
t h a t  a s u b s t a n t i a l  m o t o r  n o i s e  l e v e l  was needed t o  match t h e  data 
o b t a i n e d  i n  o n e  o f  t h e  subsequent  exper iments  (see Appendix C ) .  
S i n c e  we do  no t  y e t  f u l l y  u n d e r s t a n d  t h e  r e l a t i o n  b e t w e e n  m o t o r  
no i se  and  the v a r i o u s  parameters o f  the  c o n t r o l  s i t u a t i o n ,  we 
s e l e c t e d  the  minimum m o t o r  n o i s e  r a t i o  t h a t  would provide a good 
match t o  a l l  t he  c o n d i t i o n s  s t u d i e d  i n  t h i s  exper imenta l  p rogram.  
Once chosen,  t h i s  n o i s e  r a t i o  was he ld  f i x e d  f o r  a l l  c o n d i t i o n s .  
5 4  
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FREQUENCY ( r a d l s e c )  
FIG.16 COMPARISON OF MEASURED AND PREDICTED FREQUENCY-DOMAIN 
MEASURES: X INDICATOR ONLY 
Average o f  4 subjects, 4 trlals/subject 
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L 
h y p o t h e s i s  o f  f u l l  i n t e r f e r e n c e  b e t w e e n  t h e  X and Y i n d i c a t o r s  
implied that  t h e  n o i s e  r a t i o s  a s s o c i a t e d  w i t h  t h e  f o u r  p e r c e i v e d  
v a r i a b l e s  s h o u l d  i n c r e a s e  so tha t  t h e  f i x e d  c a p a c i t y  i s  shared 
between t h e  two i n d i c a t o r s .  The a l l o c a t i o n  of  c a p a c i t y  which 
minimized t h e  system e r r o r  v a r i a n c e  was found and performance 
p r e d i c t i o n s  were based on t h e  a s s o c i a t e d  o b s e r v a t i o n  n o i s e  r a t i o s .  
( I n  o r d e r  t o  m i n i m i z e  c o m p u t a t i o n a l  e f f o r t ,  c a p a c i t y  a l l o c a t i o n  
was q u a n t i z e d  t o  i n t e g r a l  m u l t i p l e s  o f  0 . 1  p e r  i n d i c a t o r . )  
O b s e r v a t i o n  n o i s e  r a t i o s  c o r r e s p o n d i n g  t o  t h e  n o - i n t e r f e r e n c e  
a n d   i n t e r f e r e n c e   h y p o t h e s e s  are g i v e n  i n  Table 6.  A l s o  shown i n  
t h i s  table  i s  the  p red ic t ed  d i s t r i b u t i o n  o f  p i l o t  c a p a c i t y :  7 0 %  o n  
t h e  Y i n d i c a t o r ,  a n d  o n l y  30% on X. 
Pred ic t ed  and  measu red  ave rage  va r i ance  sco res  are  g i v e n  i n  
T a b l e  7 .   ( S c o r e s   f o r  t h e  i n d i v i d u a l   s u b j e c t s  are shown i n  T a b l e  
D-15 of  Appendix D . )  Va r i ance   s co res  are t a b u l a t e d   f o r  s y s t e m  
e r r o r  [a,], s y s t e m  e r r o r  ra te  [ a i ] ,  t h e  o p t i o n a l l y - d i s p l a y e d  s ig-  
n a l  [a  3, c o n t r o l  e f f o r t  [a,], ‘and t h e  rate-of-change of c o n t r o l  
e f f o r t  [a;]. Also  shown are the r a t i o s  of 2 - i n d i c a t o r   s c o r e   t o  
1 - i n d i c a t o r   s c o r e .   S i n c e  t h e  a v e r a g e   s c o r e s   o b t a i n e d  w i t h  t h e  
Y- ind ica to r  b l anked  d i f fe red  by  less t h a n  5% from t h e  s c o r e s  ob- 
t a i n e d  w i t h  the  Y - i n d i c a t o r  s e r v i n g  as a z e r o  r e f e r e n c e ,  s c o r e s  
from these two condi t ions  have  been  combined  in to  t h e  1 - i n d i c a t o r  
cat  e gory . 
2 2 
2 2 
y 2  
Performance was s i g n i f i c a n t l y  i m p r o v e d  by t h e  e x p l i c i t  d i s p l a y  
of t h e  s i g n a l  y ( t ) .  T a b l e  7a  shows t h a t  t h e  display-related s c o r e s  
were between 60% and 70% of t h e  c o r r e s p o n d i n g  s c o r e s  a c h i e v e d  w i t h  
a d i s p l a y  of o n l y   x ( t ) .  The c o n t r o l - r e l a t e d   s c o r e s   c h a n g e d   t o  a 
lesser  degree: c o n t r o l   v a r i a n c e  was r e d u c e d   t o   a b o u t  85% of  i t s  
1 - i n d i c a t o r  v a l u e ,  a n d  t h e  c o n t r o l - r a t e  v a r i a n c e  d e c r e a s e d  by only  
TABLE 6 
Effect  of  Display  Conditions  on  Observation  Noise  Ratios 
Indicators Assumption 
no interference 
f u l l  interference 
f u l l  interference 
Derivation Observation 
Noise Ratios 
px 1 P Y 
" 
matched 
-22.0 -23.8 matched 
-24.5 -20.8 predicted 
-26.0 -26.0 predicted 
--- -26.0 
Distribution 
of  Capacity 
0.6 0 . 4  
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TABLE 7 




( I *  
2 
U 
2 of 2 2 6' 
Indicators uX Capacity U uU Y X 
deg2 (deg/sec) 
2 X I  y (new./sec). 2 newton2 (deg)2 
a. Experimental Data 
~~ 
X 23 1 .8  33 49 2 .0  x 1 0 3  -- 
XYY . 1 4  1 . 3  23 4 1  1 .8  x 1 0 3  -- 
Ratio .62  69 69 . a 4  94 " 
. .  
b. Model: No Interference 
X . 2 4  2 . 0  35 48 2 . 2  x 103 1.0 -- 
XYY 097 .86  1 5  26 1.1 x 103 1.0 1.0 
Rat io .40  . 4 4  - 4 3  55 5 1  " " 
~. 
c. Model: Full Interference (Predicted) 
X . 2 4  2 . 0  35  48 2.2 x 1 0 3  1.0 -- 
X Y Y  .16 1 . 2  . 2 2  33  1 . 4  x l o 3  0 . 3  0.7 
Ratio . 6 4   . 6 1  . 6 1   . 6 8  - 65 " " 




2 . 2  x 1 o j  
1 . 6  x 103 
7 3  
1 . 0  
0 . 6  
" 
" 
0 . 4  
" 
Geometric averages-of 4 subjects, 4 trials/subject 
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abou t  6 % .  An a n a l y s i s  of v a r i a n c e  of the s y s t e m  e r r o r  s c o r e  
(Table  D-16 of t he  Appendix D) i n d i c a t e s  t h a t :  ( a )  t h e  deg ree  of  
improvement  associated w i t h  t h e  m u l t i p l e  d i s p l a y  was, on the ave r -  
age, s t a t i s t i c a l l y  s i g n i f i c a n t ,  a n d  ( b )  t h e  amount  of  improvement 
v a r i e d  s i g n i f i c a n t l y  among t h e  s u b j e c t s .  
Comparison o f  Tables 7 b  and  7c  shows tha t  t h e  p r e d i c t i o n s  
based on t h e  f u l l - i n t e r f e r e n c e  h y p o t h e s i s  were c o n s i d e r a b l y  more 
a c c u r a t e   t h a n   t h o s e  based on t h e  n o - i n t e r f e r e n c e   h y p o t h e s i s .  The 
r e d u c t i o n  o f  t h e  02 score which accompanied the  a d d i t i o n  o f  t h e  
Y d i s p l a y  i n d i c a t o r  was p r e d i c t e d  t o  w i t h i n  5% by t h e  i n t e r f e r e n c e  
model,  and t h e  p r e d i c t e d  r e d u c t i o n s  o f  a; and o2 were i n  e r r o r  by  
only   about  1 2 % .  The no- in te r fe rence   model ,   on  t h e  o the r   hand ,   p re -  
d i c t e d  d i s p l a y - r e l a t e d  s c o r e s  f o r  t h e  2 - i n d i c a t o r  task t h a t  were 
f u l l y  a t h i r d  lower   t han   t hose   obse rved   expe r imen ta l ly .  The i n t e r -  
f e rence  mode l  a l so  y i e l d e d  b e t t e r  p r e d i c t i o n s  o f  t h e  c o n t r o l  a n d  
c o n t r o l - r a t e  s c o r e s ,  a l t h o u g h  these ag reed  less well w i t h  t h e  ex- 
p e r i m e n t a l  r e s u l t s  t h a n  d i d  t h e  p r e d i c t i o n s  o f  the  d isp lay- re la ted  
s c o r e s .  
2 
Y 
I n  F i g .  1 7  t h e  d e s c r i b i n g  f u n c t i o n s  a n d  n o i s e  s p e c t r a  p r e d i c t e d  
by  t h e  i n t e r f e r e n c e  model f o r  t h e  two d i s p l a y  c o n d i t i o n s  are shown 
a l o n g  w i t h  t h e  experimental   measurements .  The c o r r e s p o n d i n g   n o i s e  
r a t i o s  are l i s t e d  i n  t h e  f i r s t  and t h i r d  rows  of T a b l e  6 ,  respec-  
t i v e l y .  The m o d e l   p r e d i c t s  a ra ther  s u b s t a n t i a l  c h a n g e  i n  t h e  
n o r m a l i z e d  o b s e r v a t i o n  n o i s e  s p e c t r u m  as t h e  Y d i s p l a y  i s  added; 
t h e  spec t rum i s  shown t o  i n c r e a s e  by 4 t o  5 d B  a t  low  and mid f re -  
q u e n c i e s ,  whereas the t r e n d  i s  r e v e r s e d  a t  h i g h  f r e q u e n c i e s .  Smaller 
changes are p r e d i c t e d   f o r  t h e  d e s c r i b i n g   f u n c t i o n :  t h e  ampl i tude  
r a t i o  ( A R )  C o r r e s p o n d i n g  t o  t h e  2 - i n d i c a t o r  c o n d i t i o n  i s  about  2 dB 
greater t h a n  t h a t  p r e d i c t e d  f o r  1 i n d i c a t o r  a t  low f r equenc ie s ,  t h e  
AR's c o i n c i d e  a t  f r equenc ie s   nea r   ga in -c rossove r   ( a round  5 r a d / s e c ) ,  
5 9  
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1 7  EFFECT OF DISPLAY O N  M E A S U R E D  A N D  P R E D I C T E D  F R E Q U E N C Y -  
D O M A I N  M E A S U R E S  
A v e r a g e   o f  4 s u b j e c t s ,  4 t r i a l s / s u b j e c t  
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and a grea te r  h igh- f requency  peak  i s  p r e d i c t e d  f o r  t h e  2 - i n d i c a t o r  
curve .  The  model p r e d i c t s   n e g l i g i b l e   c h a n g e   o f   p h a s e  s h i f t  a t  low 
f r e q u e n c i e s ,  whereas a s u b s t a n t i a l  r e d u c t i o n  o f  p h a s e  l a g  i s  pre- 
d i c t e d  a t  f requencies  above  ga in-crossover .  
The p r e d i c t i o n  tha t  the  no rma l i zed  obse rva t ion  no i se  spec t rum 
w i l l ,  on t he  ave rage ,  increase when t h e  Y i n d i c a t o r  i s  added may 
come i n i t i a l l y  as a s u r p r i s e ,  s i n c e  t h e  augmented  d isp lay  should  
p rov ide  be t t e r  ( a n d  t h e r e f o r e  less no i sy )  v i ewing  cond i t ions .  
P a r t  of t h i s  i n c r e a s e  i s  due t o  t h e  n o r m a l i z a t i o n  p r o c e s s ,  s i n c e  
t h e  p r e d i c t e d  e r r o r - r a t e  v a r i a n c e  i s  l o w e r  f o r  t he  2 - I n d i c a t o r  con- 
d i t i o n .  A t  low f r e q u e n c i e s  thenon-normalizedobservation n o i s e  
s p e c t r u m  f o r  the  2 - i n d i c a t o r  d i s p l a y  i s  s t i l l  about  2 d B  h i g h e r  
t h a n  t h a t  f o r  t h e  l - i n d i c a t o r  d i s p l a y ,  however. 
Power s p e c t r a  o f  t h e  p o r t i o n  o f  s y s t e m  e r r o r  r e s u l t i n g  f r o m  
c o n t r o l l e r  r e m n a n t  are shown f o r  t he  two d i s p l a y s  i n  F i g .  1 8 a .  
Note tha t  the  2 - ind ica to r  spec t rum was h i g h e r  a t  low f r e q u e n c i e s  
t h a n  t h e  l - i n d i c a t o r  s p e c t r u m ,  a r e s u l t  c o n s i s t e n t  w i t h  t he  obser -  
vat ion  noise   measurements .   But  t h e  spec t rum  of  t h e  i n p u t - c o r r e l a t e d  
p o r t i o n  o f  t h e  e r r o r ,  p r e s e n t e d  i n  F i g .  1 8 b ,  i s  l o w e r  f o r  t h e  2- 
i n d i c a t o r   d i s p l a y  a t  low f requencies .   Thus ,  t h e  r educ t ion   o f   sys t em 
e r r o r  v a r i a n c e  a s s o c i a t e d  w i t h  t h e  2 - i n d i c a t o r  d i s p l a y  r e s u l t s  f r o m  
t h e  r educ t ion  o f  t he  i n p u t - c o r r e l a t e d  p o r t i o n  o f  t h e  e r r o r  s p e c t r u m ,  
which i n  t u r n  i s  produced by t h e  h i g h e r  c o n t r o l l e r  a m p l i t u d e  r a t i o  
a t  low f r e q u e n c i e s   ( F i g .  1 7 ) .  
The p r e d i c t e d  e f f e c t s  o f  d i s p l a y  c o n d i t i o n s  on t h e  frequency-  
domain  measurements are o n l y  p a r t i a l l y  s u p p o r t e d  by t h e  expe r imen ta l  
r e s u l t s .  F i g u r e  17 shows t h a t  t h e  a d d i t i o n   o f  t h e  Y i n d i c a t o r  p r o -  
d u c e d  n o  c o n s i s t e n t  o r  a p p r e c i a b l e  c h a n g e  i n  t h e  measured normalized 
obse rva t ion  no i se  spec t rum,  as opposed t o  t h e  apprec i ab le  change  
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p r e d i c t e d  by the model. The c o n t r o l l e r   d e s c r i b i n g   f u n c t i o n ,   o n  
the o t h e r  h a n d ,  was affected by t h e  a d d i t i o n  of t h e  Y i n d i c a t o r  
i n  approximate ly  the  manner  pred ic ted  by the model; t h e  ampl i tude  
r a t i o  i n c r e a s e d  a t  low f requencies ,  had  a h ighe r  peak  va lue  a t  h igh  
f r e q u e n c i e s ,  a n d  was unchanged i n  t h e  r e g i o n  o f  g a i n  c r o s s o v e r ;  
the  phase  lag was reduced  somewhat a t  h i g h  f r e q u e n c i e s .  
The apprec i ab le  d i sc repancy  be tween  t h e  predicted o b s e r v a t i o n  
n o i s e  d i f f e r e n c e s  a n d  the l a c k  o f  e x p e r i m e n t a l  v e r i f i c a t i o n  r e q u i r e s  
f u r t h e r  comment. We s u s p e c t  t ha t  t h i s  d i sc repancy  may b e  a mani- 
f e s t a t i o n  of t h e  s u b j e c t s '  t e n d e n c y  t o  be s l i g h t l y  n o n o p t i m a l  i n  
t h e i r  b e h a v i o r  s o  l o n g  as t h e y  a c h i e v e  e s s e n t i a l l y  t h e  same o v e r a l l  
system performance as t h e y  would i f  t h e y  had b e e n  t r u l y  o p t i m a l .  
The e f f e c t  of d i s t r i b u t i o n  of c a p a c i t y  on p r e d i c t e d  e r r o r  v a r i a n c e  
[ u x ]  shown i n  F i g .  1 9 ,  f o r  e x a m p l e ,  i n d i c a t e s  a maxfmum v a r i a t i o n  
of about  1 0  p e r c e n t  as t h e  p r e d i c t e d  f r a c t i o n a l  a l l o c a t i o n  o f  c a p a -  
c i t y  on t h e  X i n d i c a t o r  i s  va r i ed   f rom 0 . 2  t o  0 . 6 .  S ince  t h e  sub- 
j e c t s  were r e q u i r e d  t o  d e v o t e  f u l l  a t t e n t i o n  t o  the  X i n d i c a t o r  f o r  
h a l f  t h e i r  t r a i n i n g  r u n s ,  the  mixed t r a i n i n g  p r o c e d u r e  t h a t  we used 
may have  induced t h e  s u b j e c t s  t o  d e v o t e  as much c a p a c i t y  as was 
f eas ib l e  t o  t h e  X i n d i c a t o r  when b o t h  i n d i c a t o r s  were d i s p l a y e d .  
T h i s  behav io r  would b e  c o n s i s t e n t  w i t h  t h e  m u l t i - a x i s  b e h a v i o r  t ha t  
w e  n o t e d  i n  o u r  e a r l i e r  4-axis  experiments;   namely,  t ha t  t h e  s u b j e c t s  
a p p a r e n t l y  a l l o c a t e d  more of t h e i r  c a p a c i t y  t o  t h e  more famil iar  
f o v e a l  d i s p l a y  t h a n  w o u l d  h a v e  b e e n  o p t i m a l  w i t h o u t  s u f f e r i n g  much 
d e g r a d a t i o n  i n  t h e  t o t a l  e r r o r  s c o r e .  
2 
I n  a n  a t t e m p t  t o  a c h i e v e  a b e t t e r  match t o  t h e  behav io r  o f  t h e  
s u b j e c t s  f o r  t h e  2 - i n d i c a t o r  c o n d i t i o n s ,  w e  assumed a c a p a c i t y  d i s -  
t r i b u t i o n  o f  0 . 6  on the  X i n d i c a t o r  a n d  0 . 4  on Y .  The co r re spond ing  
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T a b l e  7d shows tha t  a n  a d d i t i o n a l  1 0 %  e r ro r  was i n t r o d u c e d  i n  t h e  
p r e d i c t e d  0:  s c o r e ,  b u t  b'etter p r e d i c t i o n s  were o b t a i n e d  f o r  t he  
c o n t r o l - r e l a t e d   s c o r e s .   F i g u r e  20 shows t h a t  the  f requency-domain 
measurements were matched more closely;  i n  p a r t i c u l a r ,  t h e  d i s c r e p -  
ancy between model  and measured normalized observat ion noise  spec-  
t rum was ha lved .  
Subjec t ive   Responses  
I n  a n  a t t e m p t  t o  d e t e r m i n e  a c o r r e l a t i o n  b e t w e e n  the p i l o t s '  
s u b j e c t i v e  i m p r e s s i o n s  o f  t a s k  d i f f i c u l t y  a n d  o b j e c t i v e  m e a s u r e s  
of  s y s t e m  performance,  w e  r e q u i r e d  e a c h  s u b j e c t  t o  r e s p o n d ,  i n  
w r i t i n g ,  t o  a q u e s t i o n n a i r e .  When r e q u e s t e d ,   i n   s e p a r a t e   q u e s t i o n s ,  
t o  i d e n t i f y  t h e  d i s p l a y  c o n d i t i o n  t h a t  was "easiest",  "most prefer- 
able" ,  and "best f o r  d o i n g  t h e  j o b " ,  t h e  fou r  sub jec t s  unan imous ly  
chose t h e  2 - i n d i c a t o r  d i s p l a y .  Although i t  i s  p o s s i b l e  t h a t  t h e  
" s u b j e c t i v e "  o p i n i o n s  were p a r t l y  based on the  knowledge t ha t  lower 
e r r o r  s c o r e s  were achieved  when t h e  Y i n d i c a t o r  was i n c l u d e d  i n  t h e  
d i s p l a y ,  s e v e r a l  o f  t h e  comments s u g g e s t  t h a t  t r u l y  s u b j e c t i v e  i m -  
p r e s s i o n s   e n t e r e d   i n t o  t h e i r  r a t i n g   o f  t h e  t a sks .  For  example,  two 
o f  t h e  s u b j e c t s  commented t o  t h e  e f f e c t  t ha t  t h e  Y i n d i c a t o r  e n -  
abled them t o  p r e d i c t ,  t o  some e x t e n t ,  the  movements of  t h e  X i n d i -  
c a t o r  (which was c o r r e c t ,  s i n c e  t h e  p o s i t i o n  a n d  ra te  of t h e  Y 
i n d i c a t o r  p r o v i d e d  i n f o r m a t i o n ,  r e s p e c t i v e l y ,  a b o u t  t h e  f i rs t  and 
s e c o n d   d e r i v a t i v e s   o f  the X i n d i c a t o r ) .  One s u b j e c t   v o l u n t e e r e d  
the  comment t h a t  more c o n c e n t r a t i o n  was r e q u i r e d  f o r  t h e  X-only 
d i s p l a y   b e c a u s e   o f  i t s  decreased i n f o r m a t i o n a l   c o n t e n t .  On t h e  con- 
t r a r y ,  a n o t h e r  s u b j e c t  f e l t  tha t  he  worked harder when p rov ided  
w i t h  two i n d i c a t o r s  p r e c i s e l y  b e c a u s e  more i n f o r m a t i o n  was a v a i l a b l e .  
The fac t  t h a t  a l l  s u b j e c t s  g a v e  t h e  2 - i n d i c a t o r  t a s k  the  most 
f a v o r a b l e  r a t i n g  - d e s p i t e  i n c o n s i s t e n c i e s  i n  t h e i r  r e a s o n s  f o r  
so  do ing  - c o r r e l a t e s  f a v o r a b l y  w i t h  t h e  n o t i o n s  o f  p i l o t  w o r k l o a d  
t h a t  we p r e s e n t  i n  t h e  n e x t  s e c t i o n  o f  t h i s  r e p o r t .  
2 0  
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V a l i d a t i o n  o f  O b s e r v a t i o n  N o i s e  R e s u l t s  
~- ~~ ~ 
Although t h i s  e x p e r i m e n t  p r o v i d e d  f u r t h e r  v a l i d a t i o n  o f  o u r  
model f o r  task i n t e r f e r e n c e ,  we o b t a i n e d  o n e  e x p e r i m e n t a l  r e s u l t  
tha t  was unexpected;  namely,  t h e  very low o b s e r v a t i o n  n o i s e  r a t i o  
a s s o c i a t e d  w i t h  " f u l l   c a p a c i t y .  The  1 - i n d i c a t o r   " c a l i b r a t i o n "  
experiment  y i e l d e d  a r a t i o  o f  -26 d B ,  as compared w i t h  t h e  -20 d B  
l e v e l  we h a v e  o b s e r v e d  i n  a l l  p r e v i o u s  a t t e m p t s  a t  matching model 
o u t p u t   t o   e x p e r i m e n t a l  data.  Accord ingly ,  a subsequent   exper iment  
was performed t o  i n v e s t i g a t e  t h e  cause  o f  t h i s  unexpec ted ly  low 
n o i s e   r a t i o .  T h i s  exper iment  i s  d i scussed   i n   Append ix  C ;  t he  re- 
s u l t s  are summarized b r i e f l y  below. 
I n  o r d e r  t o  d e t e r m i n e  whether  or n o t  o b s e r v a t i o n  n o i s e  r a t i o  
was re la ted  i n  a c o n s i s t e n t  manner t o  t h e  n a t u r e  of  t h e  t ask ,  we 
r e q u i r e d  t h e  s u b j e c t s  t o  p e r f o r m  three  s i n g l e - a x i s  t r a c k i n p  tasks 
i n   a l t e r n a t i o n :  ( a )  t h e  unstable-vehicle,K/s(s-A), task i n v e s t i -  
gated i n  t h e  e x p e r i m e n t   j u s t   d i s c u s s e d ,  ( b )  a K/s t r a c k i n g  task 
of t h e  t y p e  i n v e s t i g a t e d  i n  e a r l i e r  s t u d i e s ,  and ( c )  a n  a d d i t i o n a l  
K/s2 task.  We found t h e  n o i s e  r a t i o s  t o  b e  on t h e  o r d e r   o f  -25 d B  
f o r  a l l  t h ree  tasks .  On t h e  o t h e r   h a n d ,  t h e  opt imal-control   model  
i n d i c a t e d  tha t  t h e  e r r o r  s c o r e  was most s e n s i t i v e  t o  o b s e r v a t i o n  
n o i s e  r a t i o  when the  vehic le  dynamics  were uns tab le  and  l ea s t  sen- 
s i t i v e  when t h e  p r e v i o u s l y - i n v e s t i g a t e d  K / s 2  task was s i m u l a t e d .  
We conclude from these o b s e r v a t i o n s  t h a t  t r a i n i n g  w i t h  the  u n s t a b l e  
vehic le  dynamics  mot iva ted  the  s u b j e c t s  t o  a c h i e v e  a lower observa-  
t i o n  n o i s e  r a t i o  t h a n  t h e y  would have achieved had t h e y  t r a i n e d  
o n l y  w i t h  s tab le  dynamics .   Hav ing   t r a ined   t hus ly ,  t h e y  main ta ined  
t h e  low n o i s e  r a t i o  when t h e  dynamics were more s tab le .  
2 
SUMMARY AND D I S C U S S I O N  
An experiment  was d e s i g n e d  t o  e n h a n c e  o u r  u n d e r s t a n d i n g  o f  
c e n t r a l - p r o c e s s i n g  s o u r c e s  o f  t a s k  i n t e r f e r e n c e  i n  m u l t i v a r i a b l e  
m a n u a l   c o n t r o l   s i t u a t i o n s .   F o u r   s u b j e c t s  were r e q u i r e d   t o   p e r f o r m  
a s i n g l e - a x i s  c o n t r o l  task w i t h  e i t h e r  one or two  sys t em va r i ab le s  
shown e x p l i c i t l y  on a s ingle   d i sp lay .   Compar ison   of   model   p red ic-  
t i o n s  w i t h  e x p e r i m e n t a l  r e s u l t s  i n d i c a t e d  t h a t  a s i g n i f i c a n t  amount 
o f  i n t e r f e r e n c e  was p r e s e n t  when two i n d i c a t o r s  were shown,  and 
t h a t  t h i s  i n t e r f e r e n c e  c o u l d  b e  a c c o u n t e d  f o r  by assuming t h a t  a 
f i x e d  amount  of " p i l o t  c a p a c i t y "  had t o  b e  shared between t h e  two 
i n d i c a t o r s .   A l t h o u g h  a s t r a i g h t f o r w a r d   a p p l i c a t i o n   o f   o u r   o p t i m a l  
c o n t r o l  model  enabled  us t o  p r e d i c t  t h e  to t a l  pe r fo rmance  measu re  
very w e l l ,  de t a i l ed  p r e d i c t i o n s  o f  p i l o t  b e h a v i o r  were less  accu r -  
a te .  By assuming a s l i g h t l y  n o n o p t i m a l   a l l o c a t i o n   o f   a t t e n t i o n   o n  
t h e  p a r t  o f  t h e  p i l o t ,  h o w e v e r ,  we were ab le  t o  a c h i e v e  a n  a c c e p t a b l e  
match t o  t h e  2 - i n d i c a t o r  e x p e r i m e n t a l  data w i t h o u t  v i o l a t i n g  t h e  
n o t i o n  o f  a f i x e d  c a p a c i t y .  
Perhaps t h e  m o s t  i m p o r t a n t  r e s u l t  o f  t h i s  s t u d y  was t h a t  o u r  
model f o r  t ask  i n t e r f e r e n c e  c o r r e c t l y  p r e d i c t e d  the  b e n e f i t s  o f  
add ing  t h e  s e c o n d  i n d i c a t o r  t o  t h e  d i s p l a y ;  tha t  i s ,  i t  p r e d i c t e d  
t h a t  t h e  improvement i n  p e r f o r m a n c e  a l l o w e d  by t h e  a d d i t i o n a l  i n -  
formation would more t h a n  o f f s e t  t h e  per formance  degrada t ion  caused  
by i n t e r f e r e n c e   b e t w e e n   d i s p l a y   i n d i c a t o r s .   A c c o r d i n g l y ,  we f e e l  
t h a t  t h e  model f o r  i n t e r f e r e n c e  may p r o v e  u s e f u l  i n  t h e  des ign  o f  
complex  d i sp lays  fo r  r ea l  f l i g h t - c o n t r o l  s i t u a t i o n s ,  p a r t i c u l a r l y  
w i t h  r e g a r d  t o  d e t e r m i n i n g  t h e  p o i n t  a t  wh ich  inc reased  d i sp lay  
complexi ty   no  longer  a ids  t h e  p i l o t .  
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5 .  A M E T R I C  FOR P I L O T  WORKLOAD 
I n  t h i s  s e c t i o n  w e  d e f i n e  a m e t r i c  f o r  p i l o t  w o r k l o a d  a n d  
v e r i f y  t he  r easonab leness  o f  t h i s  d e f i n i t i o n  by a comparison of 
mode l  p red ic t ions  w i t h  p i l o t - o p i n i o n  data and w i t h  other  r e l e v a n t  
e x p e r i m e n t a l  r e s u l t s  r e p o r t e d  i n  t h e  l i t e r a t u r e .  
DEFINITION OF THE WORKLOAD I N D E X  
The  model  of task i n t e r f e r e n c e  d i s c u s s e d  i n  S e c t i o n  2 l e n d s  
i t s e l f  s t r a i g h t f o r w a r d l y  t o  t h e  p r e d i c t i o n  o f  t h e  amount of "work- 
l o a d "   a s s o c i a t e d  w i t h  a g i v e n  task .  The assumption t h a t  t h e  p i l o t  
p o s s e s s e s  a f i x e d  amount  of  channel  capac i ty  to  b e  shared among 
h i s  tasks forms t h e  very  basis f o r  t h e  concept   o f   workload .  If 
c a p a c i t y  were no t  l i m i t e d  i n  some manner ,  t he  p i lo t  wou ld  be  ab le  
to  pe r fo rm an  un l imi t ed  number  o f  tasks w i t h  no performance degra-  
d a t i o n ;  h e n c e ,  there  would b e  no " loading"  of   one task upon another .  
It i s  c l ea r ,   however ,  t h a t  t h e  human i s  l imi ted  i n  t h e  amount  of 
work ( e i t h e r  physical :  o r  men ta l )  he can perform.  
We d e f i n e  t h e  "workload  index" (WI) as t h e  f r a c t i o n  o f  t h e  
c o n t r o l l e r ' s  c a p a c i t y  t h a t  i s  r e q u i r e d  f o r  him t o  p e r f o r m  a g iven  
task t o  some spec i f i ed ,  o r   c r i t e r i o n ,   l e v e l   o f   p e r f o r m a n c e .  T h i s  
d e f i n i t i o n  i s  c o n s i s t e n t  w i t h  t h o s e  s u g g e s t e d  by o t h e r s  i n  t h e  p a s t  
Sende r s ,  fo r  example ,  has d e f i n e d  t h e  workload of  a v i s u a l  m o n i t o r -  
i n g  task as t h e  f r a c t i o n  o f  time r e q u i r e d  t o  f i x a t e  t h e  a s s o c i a t e d  
in s t rumen t  and  has attempted t o  employ  informat ion- theore t ic  con-  
cepts  t o  e n a b l e  h im t o   p r e d i c t   w o r k l o a d  (Refs. 1 2  and 1 3 ) .  The 
p r i m a r y  d i f f e r e n c e  b e t w e e n  o u r  c u r r e n t  d e f i n i t i o n  o f  w o r k l o a d  a n d  
t h o s e  s u g g e s t e d  p r e v i o u s l y  i s  t h e  d i s t i n c t i o n  we now draw between 
d i s t r i b u t i o n  o f  t o t a l  c h a n n e l  c a p a c i t y  ( w h i c h  may b e  though t  of  as 
a n  i n t e r n a l  " a t t e n t i o n a l - s h a r i n g ' '  m e c h a n i s m )  a n d  o v e r t  v i s u a l  
" a t t e n t i o n "  as d e f i n e d  by t h e  p i l d t ' s  f i x a t i o n  p o i n t .  We have 
p o s t u l a t e d  a model  of  "cent ra l -process ing  workload ,"  as d i s t i n c t  
f rom "sensory  workload ' '  e f fec ts  t h a t  a r i se  when no t  a l l  d i s p l a y s  
can  b e  v i ewed  fovea l ly ,  o r  "moto r  work load"  e f f ec t s  t ha t  would b e  
p r e s e n t  i f  t h e  p i l o t  had t o  time-share h i s  hands among s e v e r a l  
man ipu la to r s .  We are focuss ing   upon   cen t r a l -p rocess ing   work load  
because  we wish  t o  u n d e r s t a n d  a n d  p r e d i c t  i n t e r f e r e n c e  e f f e c t s  
be tween  con t inuous  con t ro l  tasks a n d  o t h e r  k i n d s  o f  f l i g h t  tasks 
(such  as c o n v e r s a t i o n  o r  a u d i t o r y  m o n i t o r i n g )  t h a t  d o  n o t  r e q u i r e  
t h e  p i l o t  t o  d i v e r t  f o v e a l  a t t e n t i o n  f r o m  t h e  f l i g h t  d i s p l a y s .  
Fur thermore ,  as head-up  and  mult i -e lement   displays a're r e f i n e d  a n d  
p u t  i n t o  p r a c t i c e ,  we s u s p e c t  t h a t  c e n t r a l  s o u r c e s  o f  task i n t e r -  
f e r e n c e  w i l l  become more i m p o r t a n t .  
The workload  met r ic  sugges ted  here - t h e  f r a c t i o n  o f  c a p a c i t y  
r e q u i r e d  f o r  a d e q u a t e  p e r f o r m a n c e  - i s  one t h a t  w e  c a n  p r e d i c t  
q u a n t i t a t i v e l y  w i t h  t h e  cu r ren t  imp lemen ta t ion  o f  ou r  op t ima l -  
c o n t r o l  model f o r  human behav io r .  The procedure  i s  similar t o  
t h a t  used i n  S e c t i o n  3 f o r  p r e d i c t i n g  t a s k  i n t e r f e r e n c e :  o n c e  t h e  
model i s  " c a l i b r a t e d "  f o r  s i n g l e - a x i s  b e h a v i o r  ( e i t h e r  by do ing  a 
s imple experiment  o r  by u s ing  nomina l  va lues  o f  pa rame te r s  t h a t  
have been found t o  match previous d a t a ) ,  a curve of  performance 
s c o r e   v e r s u s   o b s e r v a t i o n   n o i s e   r a t i o  i s  o b t a i n e d .  By r e l a t i n g  t h e  
o b s e r v a t i o n  n o i s e  r a t i o  t o  f r a c t i o n  o f  c a p a c i t y ,  as d i s c u s s e d  i n  
t h e  p r e c e d i n g  p r o g r e s s  r e p o r t s ,  a q u a n t i t a t i v e  v a l u e  o f  w o r k l o a d  
may be o b t a i n e d .   I n  terms o f   ou r   mode l   fo r  t h e  human c o n t r o l l e r ,  
w e  may d e f i n e  t h e  w o r k l o a d  i n d e x  a l t e r n a t e l y  as 
WI = Po/Pc 
where Po i s  t h e  o b s e r v a t i o n  n o i s e  r a t i o  c o r r e s p o n d i n g  t o  t h e  p i l o t ' s  
" f u l l  c a p a c i t y , "  a n d  PC i s  t h e  maximum n o i s e  r a t i o  tha t  a l lows  t h e  
p i l o t  t o  a c h i e v e  t h e  r e q u i r e d   l e v e l   o f  s y s t e m  performance. The 
n o i s e  l e v e l  Po r e f l e c t s  n o t  o n l y  t h e  p i l o t ' s  i n h e r e n t  l i m i t a t i o n s ,  
b u t  a l s o  h i s  s t a t e  o f  t r a i n i n g .  
WORKLOAD INDEX AS A FUNCTION O F  VEHICLE INSTABILITY 
J e x  ( R e f .  1 4 )  and  McDonnell (Ref. 1 5 )  have  reported  manual  
con t ro l  expe r imen t s  u s ing  veh ic l e  dynamics  o f  t he  fo rm K c / ( s - X )  as 
a s e c o n d a r y   t r a c k i n g  task.  They found t h a t  main-task  performance 
and   p i lo t   op in ion   deg raded  as X was i n c r e a s e d .  They concluded that  
the  a t t e n t i o n a l  demand of t h e  secondary task i n c r e a s e d  as t h e  i n -  
s t a b i l i t y  i n c r e a s e d ,  w i t h  t h e  r e s u l t  t h a t  a d e c r e a s i n g  f r a c t i o n  o f  
p i l o t   c a p a c i t y   r e m a i n e d   f o r   t h e   p r i m a r y  task. If t h e   c o n n e c t i o n  
b e t w e e n  t h e  u n s t a b l e  p o l e  l o c a t i o n  a n d  " a t t e n t i o n "  i s  c o r r e c t ,  
which w e  t h i n k  i t  b a s i c a l l y  i s ,  then  our  model  should  predic t  t ha t  
t h e  W I  i n c r e a s e s  w i t h  i n c r e a s i n g  X .  A c c o r d i n g l y ,   i n   o r d e r   t o   v e r i f y  
t h e  r easonab leness  of  o u r  d e f i n i t i o n  o f  w o r k l o a d  i n d e x ,  we have 
de termined  t h e  r e l a t i o n s h i p  b e t w e e n  p r e d i c t e d  W I  and  veh ic l e  i n -  
s t a b i l i t y .  
S i n c e  t h e  W I  i s  h ighly  task-dependent ,  we had t o  s p e c i f y  n o t  
only t h e  vehic le   dynamics   bu t   the   input   spec t rum,   per formance   func-  
t i o n a l ,   a n d  t h e  c r i t e r i o n   l e v e l   o f   p e r f o r m a n c e .  The  model was 
t e s t e d  u s i n g  a s i m u l a t e d  f i r s t - o r d e r  i n p u t  s p e c t r u m  h a v i n g  a break  
frequency  of  2 r ad / sec .  The i n p u t  was a p p l i e d  as a v e h i c l e  d i s t u r b -  
ance ( i . e . ,  i n  pa ra l l e l  w i t h  t h e  c o n t r o l  s i g n a l ) .  The c o s t   f u n c t i o n a l  
was of  t h e  form J = u: + G 02 where ux i s  the  va r i ance  o f  s y s t e m  2 
,7 
e r r o r  a n d  u s  t h e  v a r i a n c e  o f  c o n t r o l  ra te .  
U 
Using nominal  values  of  parameters t h a t  w e  have found t o  b e  
r ep resen ta t ive  o f  s ing le -ax i s  manua l  t r ack ing  pe r fo rmance  w i t h  
f i r s t - o r d e r  v e h i c l e  d y n a m i c s ,  w e  adopted  -20 d B  as the  o b s e r v a t i o n  
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n o i s e  r a t i o  c o r r e s p o n d i n g  t o  f u l l  c a p a c i t y ,  f i x e d  t h e  e f f e c t i v e  
time delay a t  0 . 1 7  s e c . ,  a n d  a d j u s t e d  t h e  r e l a t i v e  w e i g h t i n g  o n  
c o n t r o l  ra te  [GI t o  y i e l d  a n  e f f e c t i v e  lag time cons tan t  o f  approx-  
imately 0 . 1  sec .   Motor   no ise  was made n e g l i g i b l y  small ( o n  t h e  
o r d e r  o f  -50 dB r e l a t i v e  t o  t h e  v a r i a n c e  o f  t h e  c o n t r o l  s i g n a l ) .  
C u r v e s  o f  p e r f o r m a n c e  s c o r e  v e r s u s  o b s e r v a t i o n  n o i s e  r a t i o  were 
o b t a i n e d   f o r  X’s o f  0 . 0 ,  0 . 5 ,  1 . 0 ,  and 1 . 5  r a d / s e c .  These c u r v e s ,  
n o r m a l i z e d  t o  y i e l d  a p e r f o r m a n c e  s c o r e  o f  u n i t y  f o r  t h e  U s ,  f u l l -  
c a p a c i t y   c o n d i t i o n ,  are shown i n  F i g .  2 1 .  For  ease o f   i n t e r p r e t a -  
t i o n  we have  shown t h e  a b s c i s s a  as the f r a c t i o n  o f  p i l o t  c a p a c i t y ,  
g iven  as Po/P where Po i s  t h e  n o m i n a l  f u l l - c a p a c i t y  r a t i o  o f  -20 
dB and P i s  t h e  a c t u a l  n o i s e  r a t i o  u s e d  i n  t h e  model. 
* 
The r e l a t i o n s h i p  b e t w e e n  WI a n d  v e h i c l e  i n s t a b i l i t y  d e p e n d s  
upon t h e  p a r t i c u l a r   c r i t e r i o n   l e v e l   o f   P e r f o r m a n c e   c h o s e n :  t h e  
more s t r i n g e n t  t h e  c r i t e r i o n ,  t h e  g r e a t e r  w i l l  be the  work load  
index .  The W I  can be ob ta ined   f rom  F ig .  2 1  by  n o t i n g  t h e  i n t e r -  
s e c t i o n  o f  t h e  perforrance-versus-noise-ratio curve  w i t h  t h e  c r i -  
t e r i o n  p e r f o r m a n c e  l e v e l .  
The r e l a t i o n s h i p  b e t w e e n  w o r k l o a d  i n d e x  a n d  v e h i c l e  i n s t a b i l i t y  
i s  shown i n  F i g .  2 2  f o r  v a r i o u s  v a l u e s  o f  c r i t e r i o n  p e r f o r m a n c e  
l e v e l .  The cu rves  show t h e  e x p e c t e d   t r e n d s .  The W I  I n c r e a s e s  as 
t h e  i n s t a b i l i t y  i n c r e a s e s ,  a n d ,  f o r  a g iven  s e t  o f  veh ic l e  dynamics ,  
t h e  W I  i n c r e a s e s  as t h e  c r i t e r i o n   s c o r e  i s  r educed .   F igu re  2 2  
shows t h e  t r a d e - o f f  b e t w e e n  c r i t e r i o n  a n d  v e h i c l e  i n s t a b i l i t y  w i t h  
r e s p e c t   t o   w o r k l o a d   i n d e x .   F o r   e x a m p l e ,  a W I  o f  0 . 2  i s  p r e d i c t e d  
f o r  a v e h i c l e  p o l e  o f  a b o u t  0 . 6 5  rad/sec and a c r i t e r i o n  p e r f o r m a n c e  
l e v e l  o f  5 ,  o r  f o r  a v e h i c l e  p o l e  of abou t  1.1 rad/sec  and  a c r i -  
t e r i o n  l e v e l  of 1 0 .  I n   o t h e r   w o r d s ,  a c o n s t a n t   l e v e l  of s u b j e c t i v e  
7- 
T h i s  t h e o r e t i c a l  s t u d y  was comple ted  before  we d i s c o v e r e d  t h a t  a 
s u b s t a n t i a l l y  l o w e r  n o i s e  r a t i o  c o u l d  b e  o b t a i n e d  by t r a i n i n g  t h e  
s u b j e c t s  w i t h  uns t ab le   veh ic l e   dynamics .   Neve r the l e s s ,  we s u s p e c t  
t h e  t r e n d s  shown i n  t h i s  s e c t i o n  are  r e l a t i v e l y  i n d e p e n d e n t  o f  t h e  
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task d i f f i c u l t y  s h o u l d  b e  o b t a i n a b l e  i f  the r e q u i r e d  l e v e l  o f  per- 
formance i s  r e l a x e d  as t h e  vehic le  dynamics  become co r re spond ing ly  
more d i f f i c u l t .  
The abso2ute v a l u e  o f  t h e  workload  index  i s  dependent  no t  on ly  
upon the  vehicle  dynamics and t h e  c r i t e r i o n  p e r f o r m a n c e  l e v e l ,  b u t  
a l s o  upon the  inpu t  spec t rum,  t he  c o s t  f u n c t i o n a l ,  a n d  t h e  p a r t i c u -  
lar  v a l u e s  a s s i g n e d  t o  c o n t r o l l e r  time de lay  and nominal observa- 
t i o n   n o i s e   r a t i o .   C o n s e q u e n t l y ,  some degree of a r b i t r a r i n e s s  w i l l  
be  a s s o c i a t e d  w i t h  t h e  W I  p r e d i c t e d  f o r  a g i v e n  task .  We s u s p e c t  
tha t  t h e  W I  w i l l  p r o v e  t o  b e  most u s e f u l  as a measure of  r e 2 a t i v e  
d i f f i c u l t y  when  two o r  more c o n t r o l  c o n f i g u r a t i o n s  are  c o n s i d e r e d .  
For  example,  F ig .  2 2  shows t h a t  t h e  W I  a s s o c i a t e d  w i t h  a v e h i c l e  
p o l e  of 1 . 0  r a d / s e c  w i l l  b e  a b o u t  f o u r  times t h e  i n d e x  a s s o c i a t e d  
w i t h  a s t r a i g h t  K / s  p l a n t  f o r  c r i t e r i o n  p e r f o r m a n c e  l e v e l s  r a n g i n g  
from 2 t o  1 0 .  
Although our d e f i n i t i o n  o f  t h e  workload index i s  p r i m a r i l y  a 
d e f i n i t i o n  o f  menta2 workload, our method of computinp t h e  index  
a l s o   i n c l u d e s  t h e  e f f e c t s  o f  physica2 work.  Note t h a t  t h e   c o s t  
f u n c t i o n a l  used i n  t h e  above  computa t ion  inc ludes  a term related 
t o  c o n t r o l  a c t i v i t y .  An i n c r e a s e  i n  t h e  s i m u l a t e d   c o n t r o l   e f f o r t  
(as might b e  produced b y  a d e c r e a s e  i n  t h e  v e h i c l e  g a i n  K c )  would, 
fo r  example ,  s h i f t  upwards t h e  pe r fo rmance -ve r sus -no i se - r a t io  cu rves  
of   F ig .  2 1 .  A d e c r e a s e   i n   c o n t r o l   g a i n   w o u l d   t h u s  b e  accompanied 
by a n  i n c r e a s i n g  W I .  Examples   of   predicted  workload  index  versus  
v e h i c l e  g a i n  are given below.  
COMPARISON OF WORKLOAD I N D E X  WITH PILOT RATINGS 
If t h e  workload index as w e  have  def ined  i t  i s  a measure of 
t h e  o v e r a l l  d i f f i c u l t y  of  a s p e c i f i c  c o n t r o l  task,  w e  would expect  
t o  f i n d  a h igh  degree o f  c o r r e l a t i . o n  b e t w e e n  p i l o t  o p i n i o n  r a t i n g s  
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o b t a i n e d  i n  rea l  o r  s i m u l a t e d  f l i g h t  s i t u a t i o n s  a n d  t h e  W I  pre- 
d i c t ed  by our  model.  McDonnell has r e c e n t l y  r e p o r t e d  a s e t  o f  
e x p e r i m e n t a l  r e s u l t s  i n  which p i l o t  r a t i n g s  were o b t a i n e d  o v e r  a 
wide se t  o f   c o n s i s t e n t   e x p e r i m e n t a l   c o n d i t i o n s  (Ref. 1 5 ) .  We 
sha l l  compare W I  w i t h  t h e  p i l o t  r a t i n g s  r e p o r t e d  i n  t h a t  r e f e r e n c e .  
McDonnell   and  others (Ref. 16). h a v e  n o t e d  s t r o n g  r e l a t i o n s h i p s  
between p i l o t  o p i n i o n  a n d  p i l o t  parameters such  as p i l o t  g a i n  a n d  
p i l o t   e q u a l i z a t i o n .  The r e l a t i o n s h i p   b e t w e e n   r a t i n g   a n d   e f f e c t i v e  
p i l o t  time delay appears t o  be  less c o n s i s t e n t .   I n   a d d i t i o n  t o  
these cons ide ra t ions ,  NcDonne l l  s ta tes  t h a t  p i l o t  o p l n i o n  i s  also 
i n f l u e n c e d  by th.e r e l a t i v e  ease w i t h  which  miss ion  requi rements  can  
be f u l f i l l e d .   C o n s e q u e n t l y ,  t h e  parameters of  t h e  d i s t u r b a n c e   f u n c -  
t i o n  a n d  t h e  r e q u i r e d  l e v e l  of performance are impor t an t  cons ide ra -  
t i o n s .  
A l l  of  these f a c t o r s  a re  i n c o r p o r a t e d  i n t o  o u r  p r o c e d u r e  f o r  
computing t h e  workload  index.  Although we have   def ined  t h e  W I  i n  
terms o f  p i l o t  c a p a c i t y  o r  a t t e n t i o n ,  t h e  per formance-versus-capac i ty  
r e l a t i o n s h i p  u s e d  i n  c o m p u t i n g  t h e  W I  i s  i t s e l f  a f u n c t i o n  o f  i n p u t  
and   veh ic l e  parameters. S i n c e   p i l o t  parameters are a l s o   d e p e n d e n t  
upon i n p u t  a n d  v e h i c l e  parameters, we would expect t o  p r e d i c t  some 
c o r r e l a t i o n  b e t w e e n  w o r k l o a d  i n d e x  ( a n d ,  t h e r e f o r e ,  p i l o t  o p i n i o n )  
a n d   p i l o t   b e h a v i o r .   N o t e  t h a t  we d o   n o t   c o n s i d e r  t h i s  as a cause  
a n d   e f f e c t   r e l a t i o n s h i p .   S i n c e  t h e  p i l o t   d e s c r i b i n g   f u n c t i o n  i s  
p r e d i c t e d  by t h e  o p t i m a l  c o n t r o l  m o d e l ,  b o t h  p i l o t  b e h a v i o r  a n d  W I  
are model  outputs  which are based on a common s e t  o f  unde r ly ing  
f a c t o r s .  We show below t h a t  t h e  p red ic t ed   work load   i ndex  i s  ef-  
f e c t e d  i n  t h e  same way as p i l o t  r a t i n g  when changes  occur  in :  
( a )  c o n t r o l   g a i n ,  ( b )  p i l o t  lead, and ( c )  s y s t e m  performance.  
McDonnel l ' s  p r imary  task  was a s ing le -ax i s  compensa to ry  t r ack -  
i n g  t a s k .  A random-appearing command i n p u t  was p rov ided   u s ing  a 
sum o f  s i n u s o i d s  t o  s i m u l a t e  a r e c t a n g u l a r  s p e c t r u m  w i t h  a low- 
ampl i tude ,   h igh- f requency  she l f .  Seve ra l   veh ic l e   dynamics  were 
used,.   mostly  of t he  form 
KC 
v ( s )  = 
where T ranged from 0 
r a t i n g s  were o b t a i n e d  
parameters. 
( f o r  K/s) t o  i n f i n i t y  
f o r  v a r i o u s  v a l u e s  o f  
( f o r  K / S ~ ) .  P i l o t  
i n p u t  a n d  v e h i c l e  
I n  o r d e r  t o  p r o v i d e  a r easonab le  approx ima t ion  to  McDonne l l ' s  
f o r c i n g  f u n c t i o n  w i t h o u t  r e q u i r i n g  e x c e s s i v e  c o m p u t a t i o n a l  e f f o r t ,  
t h e  model was programmed t o  s i m u l a t e  a second-order  But te rwor th  
i n p u t   h a v i n g  a b r e a k  f requency   of  1 r a d / s e c .  With one   except ion ,  
nominal  model  parameters  were chosen as i n  t h e  previous example:  
time d e l a y  was s e t  a t  0 . 1 7 ,  " f u l l - c a p a c i t y "  o b s e r v a t i o n  n o i s e  r a t i o  
a t  -20 d B ,  and t h e  w e i g h t i n g  o n  c o n t r o l  ra te  was c h o s e n  t o  y i e l d  
a n  e f f e c t i v e  p i l o t  l a g  of 0 . 1  s e c .  The motor   noise ,   however ,  was 
not  made n e g l i g i b l e ,  b u t  was nominal ly  se t  a t  around  -27 dB re la-  
t i v e  t o  c o n t r o l  p o w e r .  
We canno t ,  a t  t h i s  s t a g e  i n  o u r  t h i n k i n g ,  e x p e c t  t o  o b t a i n  a 
very  c lose  match  be tween Cooper  ra t ing  and  predic ted  workload  index .  
We do  not  y e t  u n d e r s t a n d  f u l l y  how t o  choose the  a p p r o p r i a t e  c o s t  
f u n c t i o n a l ,  n o r  are  w e  s u r e  o f  t h e  best  way t o  h a n d l e  m o t o r  n o i s e .  
Since  McDonnel l   apparent ly  d i d  n o t  s p e c i f y  t h e  c r i t e r i o n  l e v e l  o f  
p e r f o r m a n c e  f o r  a l l  tasks ,  o u r  c h o i c e  of a c r i t e r i o n  l e v e l  i s  arbi- 
t r a r y .  The v a l u e   o f  the workload  index,   of   course,   depends  upon 
a l l  these p a r a m e t e r s .   I n   a d d i t i o n ,  we do  not  know t h e  a p p r o p r i a t e  
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f u n c t i o n a l  r e l a t i o n  b e t w e e n  w o r k l o a d  i n d e x  a n d  C o o p e r  r a t i n g ;  f o r  
s i m p l i c i t y ,  we have assumed a l i n e a r  r e l a t i o n s h i p  w i t h  a s c a l e  
f a c t o r  t h a t  seems t o  p r o v i d e  t h e  bes t  match  on t h e  average .  Con- 
s e q u e n t l y ,  we must b e  c o n t e n t  a t  t h i s  time w i t h  p r e d i c t i n g  t h e  
t r e n d   o f   t h e   C o o p e r   r a t i n g .  As we show below, t h e  t r e n d s  are  pre-  
d i c t e d  ra ther  well .  
E f fec t  o f  Con t ro l  Ga in  
NcDonnell   and  others  have  found tha t  t h e r e  e x i s t s  a broad  
r a n g e   o f   c o n t r o l   g a i n  t h a t  t h e  p i l o t  f i n d s  a c c e p t a b l e .  When t h e  
g a i n  i s  e i t h e r  i n c r e a s e d  or decreased beyond t h i s  r ange ,  a less 
f a v o r a b l e  r a t i n g  i s  a s s i g n e d  t o  t h e  system. 
I n  o r d e r  t o  r e p r o d u c e  o n e  o f  t h e  c o n d i t i o n s  i n v e s t i g a t e d  by 
McDonnell ,   vehicle  dynamics  of K / s  were   s imula ted .  The v e h i c l e  
g a i n  was f i r s t  s e t  t o  u n i t y ,  a n d  t h e  c o n t r o l  r a t e  w e i g h t i n g  a n d  
moto r  no i se  l eve l s  were  found  accord ing  to  our procedure  fo r  choos -  
i ng   "nomina l "   va lues .  T h i s  c o n d i t i o n  was i n t e r p r e t e d  as t h e   " o p t i -  
mal g a i n "   c o n d i t i o n .  The e f f e c t s   o f   c o n t r o l   g a i n  on  w.orkload  index 
w e r e  t h e n  i n v e s t i g a t e d  by k e e p i n g  f i x e d  t h e  a b s o l u t e  ( n o t  r e l a t i v e )  
va lues  o f  r a t e  we igh t ing  and  moto r  no i se  as v e h i c l e  g a i n  was v a r i e d .  
A per fo rmance  l eve l  o f  5 t imes  the  " fu l l - capac i ty"  pe r fo rmance  o f  
t h e  opt imal -ga in  sys tem was chosen as t h e  p e r f o r m a n c e  c r i t e r i o n .  
F igu re  2 3  compares  predicted workload index and Cooper  ra t ing 
as a f u n c t i o n  o f  r e l a t i v e  c o n t r o l  g a i n .  ( A  r e l a t i v e  g a i n  o f  u n i t y  
i n d i c a t e s  optimum c o n t r o l   g a i n . )  The p i l o t   r a t i n g s  were o b t a i n e d  
from  Fig.  20 of  McPonnell  (Ref. 1 5 ) .  Al though  the W I  a p p e a r s   t o  b e  
a more s e n s i t i v e  f u n c t i o n  o f  c o n t r o l  p a i n  t h a n  d o e s  t h e  C o o p e r  
r a t i n g ,  t h e  hlI a n d  r a t i n g  e x h i b i t  t h e  same t r e n d :  b o t h  i n c r e a s e  
numer ica l ly  as t h e '  g a i n  i s  e i t h e r  i n c r e a s e d  o r  d e c r e a s e d  w i t h  
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E f f e c t s  o f  P i l o t  Lead 
McDonnell manipulated the amount o f  lead gene ra t ed  by t h e  
p i l o t  v i a  a d j u s t m e n t  o f  t h e  v e h i c l e  lag term T when vehicle  dynamics 
were K c / s ( T s + l ) .  He found tha t  t h e  p i l o t ' s  lead co inc ided  w i t h  ve- 
h i c l e  l a g  f o r  a l a g  time cons tan t   r ang ing   f rom 0 t o  l second.   For  
very large v e h i c l e  lags (i .e. ,  fo r  veh ic l e  dynamics  approach ing  
K/s ) he estimated t h e  p i l o t  lead time c o n s t a n t  as 5 r ad / sec .  
Vehic le  ga ins  were a d j u s t e d  t o  b e  "op t ima l "  fo r  each  veh ic l e  con-  
f i g u r a t i o n .  
2 
Pred ic t ed  work load  ind ices  were ob ta ined  f rom the  op t ima l -  
c o n t r o l  model u s ing  t h e  nominal  parameter  va lues  descr ibed  above .  
A second-order  But te rwor th  noise  process  having  a break  frequency 
o f  1 r ad / sec  was assumed f o r  a cammand i n p u t .  A per fo rmance   l eve l  
o f  5 times the  f u l l - c a p a c i t y  p e r f o r m a n c e  a t t a i n a b l e  w i t h  t h e  K/s 
v e h i c l e  was chosen as t h e  c r i t e r i o n  l e v e l .  
The r e l a t i o n s h i p  b e t w e e n  p r e d i c t e d  W I  a n d  p i l o t  r a t i n g  v e r s u s  
p i l o t   l e a d  i s  shown i n   F i g .  2 4 .  ( P i l o t   r a t i n g s   w e r e   o b t a i n e d   f r o m  
F i g .  2 2  of Ref. 1 5 . )  Rather t h a n  attempt t o  e s t i m a t e  p i l o t  lead 
by f i t t i n g  t h e  p r e d i c t e d  d e s c r i b i n g  f u n c t i o n  w i t h  t h e  c r o s s o v e r  
model, we have s i m p l y  assumed t h e  same r e l a t i o n s h i p  b e t w e e n  p i l o t  
lead and   veh ic l e  lag as McDonnell. F igu re  24 shows tha t  both  W I  
a n d  p i l o t  r a t i n g s  i n c r e a s e  w i t h  i n c r e a s i n g  p i l o t  lead. The p re -  
d i c t e d  W I  shows a larger  increment between t h e  two h i g h e s t  p i l o t  
lead c o n d i t i o n s   t h a n   d o e s  t h e  p i l o t  r a t i n g .  McDonnell,  however, 
n o t e s  t h a t  o t h e r  r e s e a r c h e r s  h a v e  f o u n d  r e l a t i v e l y  l a r g e  d e c r e m e n t s  
i n  r a t i n g  a s s o c i a t e d  w i t h  K/s2 vehic le  dynamics .  
E f f e c t s  of Sys tem Performance 
McDonnell p o i n t s  o u t  t h a t  p i l o t  o p i n i o n  i s  p a r t i a l l y  d e p e n d e n t  
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a r e a s o n a b l y  c o n s i s t e n t  t r e n d  b e t w e e n  n o r m a l i z e d  error s c o r e  ( g i v e n  
as the i n t e g r a l  a b s o l u t e  e r ' r o r  d i v i d e d  by i n t e g r a l  a b s o l u t e  i n p u t )  
a n d   p i l o t   r a t i n g .  These data, o b t a i n e d   f r o m   F i g .  25 of Ref. 15 ,  
are shown  below i n  F ig .  25. A l s o  shoQn i n  t h a t  f i g u r e  i s  the  re- 
l a t i o n s h i p  b e t w e e n  p red ic t ed  W I  a n d  n o r m a l i z e d  e r r o r  s c o r e ,  w h i c h  
was d e t e r m i n e d  b y  r e i n t e r p r e t i n g  t h e  model r e s u l t s  o b t a i n e d  i n  t he  
previous  example.  A normal ized   model   score   o f  2 (ux/ui)  was found 
t o  p r o v i d e  a good match between predicted W I  a n d  p i l o t  r a t i n g s  as 
a f u n c t i o n  of s y s t e m  p e r f o r m a n c e .   ( P r e d i c t e d   e r r o r   s c o r e s  were 
c o n s i s t e n t l y  l o w e r  t h a n  t h o s e  a c h i e v e d  by  McDonnel l ,  possibly be- 
c a u s e  o f  i n p u t  d i f f e r e n c e s  o r  b e c a u s e  t h e  e x p e r i m e n t a l  s u b j e c t s  may 
n o t  h a v e  b e e n  t r a i n e d  s u f f i c i e n t l y  t o  r e a c h  n e a r - o p t i m a l  l e v e l s  o f  
per formance . )  
SUMMARY AND DISCUSSION 
A m e t r i c  f o r  p i l o t  w o r k l o a d  - the  "Workload Index" - has been 
d e f i n e d  as t h e  f r a c t i o n  o f  p i l o t  c a p a c i t y  ( o r  a t t e n t i o n )  r e q u i r e d  t o  
per form a g i v e n  task t o  a c r i t e r i o n  l e v e l  o f  p e r f o r m a n c e .  By re- 
l a t i n g  p i l o t  c a p a c i t y  t o  t h e  e q u i v a l e n t  o b s e r v a t i o n  n o i s e  r a t i o ,  
we have developed a p r o c e d u r e  f o r  p r e d i c t i n g  t h e  w o r k l o a d  i n d e x  i n  
a g i v e n  c o n t r o l  s i t u a t i o n .  
We have  seen  t h a t  t h e  p r e d i c t e d  work load  index  inc reases  w i t h  
v e h i c l e  i n s t a b i l i t y  ( p r o v i d e d  o t h e r  c o n t r o l  s y s t e m  parameters re- 
m a i n   c o n s t a n t ) .   S i n c e   v e h i c l e   i n s t a b i l i t y  has been  shown t o  c o r r e -  
spond t o  some e x t e n t  t o  a t t e n t i o n a l  demands  on t h e  p i l o t ,  these 
r e s u l t s  s u p p o r t  o u r  a p p r o a c h  o f  r e l a t i n g  w o r k l o a d  t o  a t t e n t i o n .  
F u r t h e r  a n a l y s i s  has shown tha t  t h e  p red ic t ed  work load  index  re- 
produces  t h e  t r e n d  o f  p i l o t  r a t i n g s  w i t h  r e s p e c t  t o  c h a n g e s  i n :  
( a )  c o n t r o l   g a i n ,  ( b )  p i l o t  l ead ,  and ( c )  system performance.  
These r e s u l t s  s u g g e s t  t h a t  t he  workload  index  may s e r v e  as a use- 
f u l  i n d i c a t o r ,  o r  p r e d i c t o r ,  o f  a i r c r a f t  f l y i n g  q u a l i t i e s ,  as well 
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The workload index,  as p r e s e n t l y  d e f i n e d ,  probably  w i l l  s e r v e  
best as a measure of r e l a t i v e ,  ra ther  t h a n  a b s o l u t e ,  i n d i c a t i o n  o f  
t h e  demand  on the  p i l o t  ( o r  o f  the v e h i c l e  h a n d l i n g  q u a l i t y ) .  I n  
o r d e r  t o  d e r i v e  a n  a b s o l u t e  metric, we would  have t o  know t h e  mini- 
mum n o i s e  r a t i o  t h a t  can be  achieved by a p i l o t  under  a l l  circum- 
s t a n c e s .  We have   seen  t h a t  t h i s  n o i s e  r a t i o  d e p e n d s  i n  par t  on t h e  
way t h e  s u b j e c t  i s  t r a i n e d .   F u r t h e r m o r e ,  we s u s p e c t  t h a t  t h e  p i l o t  
n e v e r  appl ies  l i t e r a l l y  a l l  h i s  m e n t a l  c a p a c i t y  t o  a t r a c k i n g  task .  
The workload  index  can  b e  u s e d  t o  p r e d i c t  " t r a d e - o f f s "  among 
system parameters a n d  b e t w e e n  d i f f e r e n t  tasks  tha t  l e a v e  t h e  work- 
load  index  unchanged.  We have  observed  such a parameter t r a d e - o f f  
i n  a r e c e n t  e x p e r i m e n t  (see Appendix C) i n  which t h e  s u b j e c t s ,  on 
t h e  average  found a K / s 2  and a K/s(s-1) task  o f  a b o u t  e q u a l  d i f f i -  
c u l t y  b e c a u s e  o f  t h e  way i n  which we manipula ted  the  input  power .  
P r e d i c t i o n s  o f  t h i s  t y p e  are p o s s i b l e  b e c a u s e  t h e  workload  index  
i s  a f fec ted  by a l l  of  t h e  parameters of  t h e  c o n t r o l  system. I n  
f u t u r e  s t u d i e s  we e x p e c t  t o  i n v e s t i g a t e  t h e  r e l a t i v e  w o r k l o a d s  
imposed by d i f f e r e n t  k i n d s  o f  t r a c k i n g  tasks and by o t h e r  t y p e s  
of  tasks (such  as decis ion-making)  as wel l .  
8 4  
6 .  S U M M A R Y   A N D   C O N C L U S I O N S  
The p r i n c i p a l  r e s u l t s  o f  t h i s  s t u d y  are t h e  n o d e l s  f o r  task 
i n t e r f e r e n c e  and workload t h a t  we have  developed  f rom our  opt imal  
c o n t r o l  model o f  t h e  human c o n t r o l l e r .  The model f o r  task i n t e r -  
f e rence  has  been  tes ted  s u c e s s f u l l y  a g a i n s t  a v a r i e t y  o f  e x p e r i -  
m e n t a l  r e s u l t s  d e s c r i b e d  i n  t h i s  r e p o r t .  T h i s  model i s  based on 
t h e  assumpt ion  t h a t  m u l t i p l e  tasks are  performed i n  p a r a l l e l  a n d  
t h a t  a f i x e d  amount o f  c e n t r a l - p r o c e s s i n g  c a p a c i t y  m u s t  be shared 
among t h e  tasks.  The m o s t   c o n s i s t e n t   r e s u l t s  are o b t a i n e d  i f  we 
a s s o c i a t e  a s e p a r a t e  "task" w i t h  e a c h   d i s p l a y  i n d i c a t o r  t h a t  t h e  
p i l o t  u s e s  ( n o t  n e c e s s a r i l y  w i t h  each  v a r i a b Z e  o b s e r v e d ,  s i n c e  w e  
f i n d  t h a t  there  appears t o  be n o  i n t e r f e r e n c e  b e t w e e n  e s t i m a t i o n s  
o f  p o s i t i o n  a n d  r a t e  of  a s i n g l e  i n d i c a t o r ) .  
The model f o r  i n t e r f e r e n c e  c a n  t rea t  d i s p l a y  i n d i c a t o r s  t h a t  
a re  l i n e a r l y  re la ted  (coup led )  as we l l  as u n c o u p l e d   i n d i c a t o r s ;  
i . e . ,  t h e  same r u l e s  a p p l y  f o r  m u l t i - a x i s  c o n t r o l  s i t u a t i o n s  as 
f o r   s i n g l e - a x i s ,   m u l t i - v a r i a b l e  tasks.  C e n t r a l - p r o c e s s i n g   s o u r c e s  
of i n t e r f e r e n c e  d o  n o t  appear t o  depend  on t h e  number of  controls  
u s e d   i n  t h e  s y s t e m .  There a r e ,  however ,   motor - re la ted   sources   o f  
i n t e r f e r e n c e  that  may b e  impor t an t  when a mul t i - ax i s  man ipu la to r  
i s  c o n t r o l l e d  by a s i n g l e  l i m b .  (See Appendix B.) 
P i l o t  " c a p a c i t y "  i s  r e l a t ed  t o  a minimum equ iva len t  obse rva -  
t i o n  n o i s e  r a t i o  a t t a i n a b l e  by t h e  s u b j e c t .  T h i s  n o i s e   r a t i o   a p -  
parent ly  depends  on  the  n a t u r e  o f  t h e  s u b j e c t ' s  t r a i n i n g  e x p e r i e n c e ,  
as w e l l  as on h i s  i n h e r e n t  a b i l i t i e s .  I n t e r f e r e n c e   c a n  be  accounted  
f o r  by a l l o w i n g  t h e  e q u i v a l e n t  o b s e r v a t i o n  n o i s e  r a t i o  a s s o c i a t e d  
w i t h  a g i v e n  i n d i c a t o r  t o  i n c r e a s e  i n  i n v e r s e  p r o p o r t i o n  t o  t h e  
f r a c t i o n  o f  t h e  p i l o t ' s  c a p a c i t y  a l l o c a t e d  t o  t h a t  d i s p l a y .  In-  
c o r p o r a t i n g  the model f o r  t a s k  i n t e r f e r e n c e  i n t o  a n  o p t i m a l - c o n t r o l  
f ramework  y ie lds  a composite model from which re l iab le  p r e d i c t i o n s  
of o v e r a l l  s y s t e m  performance can b e  o b t a i n e d .  
A m e t r i c  f o r  p i l o t  w o r k l o a d ,  the "workload  index,"  i s  d e f i n e d  
as t h e  f r a c t i o n  o f  t h e  c o n t r o l l e r ' s  c a p a c i t y  t ha t  i s  r e q u i r e d  t o  
per form a g i v e n  task t o  some s p e c i f i e d ,  o r  c r i t e r i o n ,  l e v e l  o f  p e r -  
formance. A t h e o r e t i c a l  s t u d y  o f  t h e  r e l a t ion   be tween   work load  
index  and  sys tem parameters  and  compar isons  of  pred ic ted  workload  
index  w i t h  p i l o t - o p i n i o n  data r e p o r t e d  i n  t he  l i t e r a t u r e  i n d i c a t e  
t h a t  t h i s  i s  a r easonab le   me t r i c   fo r   work load .   Because   o f  t h e  
d i f f i c u l t y  o f  o b t a i n i n g  a r e l i a b l e  numeric t o  a s s o c i a t e  w i t h  ' ' f u l l  
c a p a c i t y , "  we s u s p e c t  t h e  workload index w i l l  s e r v e  more r e l i a b l y  
as a means fo r  compar ing  t h e  r e l a t i v e  demands  on t h e  p i l o t  i m p o s e d  
by v a r i o u s  t a s k s ,  ra ther  t h a n  as a measure  of  absolu te  workload .  
I n  a d d i t i o n  t o  these t h e o r e t i c a l  r e s u l t s ,  a number o f  i n t e r e s t -  
i n g   m u l t i - t a s k   e x p e r i m e n t s  were performed.  These  are d i s c u s s e d  i n  
d e t a i l  i n  a p p e n d i c e s  a n d  t h e  p r i n c i p a l  r e s u l t s  are surrmarized  below. 
S ing le -ax i s  compensa to ry  t r ack ing  was s t u d i e d  u n d e r  f o u r  c o n d i -  
t i o n s   o f   f o v e a l   a n d   p e r i p h e r a l   v i e w i n g .   B o t h  t h e  l o c a t i o n   o f  t h e  
d i s p l a y  a n d  t h e  o r i e n t a t i o n  o f  t h e  d i s p l a y  i n d i c a t o r  were v a r i e d .  
Vehicle  dynamics were K / s ,  and a s i m u l a t e d  f i r s t - o r d e r  n o i s e  p r o -  
c e s s  was a p p l i e d  as a d i s t u r b a n c e   t o   v e h i c l e   v e l o c i t y .   T r a c k i n p  
performance was degraded as t h e  d i s p l a y  was moved f r o m  t h e  c e n t e r  
of t h e  v i s u a l  f i e l d  i n t o  t h e  p e r i p h e r y .   I n   a d d i t i o n ,   p e r i p h e r a l  
t r a c k i n g  a b i l i t y  was s i g n i f i c a n t l y  i m p r o v e d  when t h e  d i s p l a y  i n d i -  
c a t o r  was o r i e n t e d  s o  tha t  t h e  s u b j e c t  c o u l d  e x t r a p o l a t e  a z e r o  
r e f e r e n c e   f r o m  h i s  f i x a t i o n  p o i n t  t o  t h e  d i s p l a y .   B o t h   e r r o r   v a r i -  
a n c e  s c o r e s  a n d  n o r m a l i z e d  o b s e r v a t i o n  n o i s e  s p e c t r a  i n c r e a s e  w i t h  
i n c r e a s i n g l y   u n f a v o r a b l e   v i e w i n g   c o n d i t i o n s .   C h a n g e s   i n  t h e  n o i s e  
s p e c t r a  o c c u r r e d  p r i m a r i l y  a t  low f r e q u e n c i e s ,  w h i c h . s u g g e s t s  t h a t  
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p e r c e p t i o n  of i n d i c a t o r  p o s i t i o n  was degraded  more  than  percept ion  
of v e l o c i t y . .  On t h e  a v e r a g e ,  p e r c e p t i o n  i n  the pe r iphe ry  appea red  
t o  be  be t t e r  when the d i s p l a y s  were l o c a t e d  i n  t h e  lower half of 
t he  v i s u a l  f i e l d .  Whereas the  l e v e l  of o b s e r v a t i o n   n o i s e  was roughly  
p r o p o r t i o n a l  t o  t h e  e r r o r  v a r i a n c e  when t h e  d i s p l a y  was viewed 
f o v e a l l y ,  i t  was a l m o s t  i n v a r i a n t  t o  t he  e r r o r  v a r i a n c e  when t h e  
d i s p l a y  was v iewed  per iphera l ly .   Hence ,  t h e  r e l a t i v e   q u a l i t y   o f  
p e r i p h e r a l  p e r c e p t i o n  c a n  be expec ted  to  improve  as t h e  ampl i tude  
o f  t h e  d i s p l a y e d  s i g n a l  i n c r e a s e s .  
Experiments were performed in  which two,  t h ree ,  and  four  inde-  
pendent   axes  were t r a c k e d   s i m u l t a n e o u s l y .  A s e p a r a t e  d i s p l a y  was 
p r o v i d e d   f o r   e a c h  axis o f   c o n t r o l .  Minimum d i s p l a y  s e p a r a t i o n  was 
1 6 O  v i s u a l   a r c .   V i s u a l   s c a n n i n g  was n o t  p e r m i t t e d :  t h e  s u b j e c t s  
m a i n t a i n e d  f i x a t i o n  on  one of  t h e  d i s p l a y s  f o r  t h e  e n t i r e  e x p e r i -  
menta l  t r i a l .  A l l  mu l t i - ax i s  tasks showed ev idence   o f  task i n t e r -  
f e r e n c e  ( i . e . ,  t h e  e r r o r  v a r i a n c e  s c o r e  o n  a g iven  task was g r e a t e r  
when m u l t i p l e  tasks were pe r fo rmed  than  when t h a t  t a s k  was performed 
s i n g l y ) .   I n   g e n e r a l ,   i n c r e a s e d   e r r o r   s c o r e s  were accompanied by 
i n c r e a s e d  n o r m a l i z e d  o b s e r v a t i o n  n o i s e  s p e c t r a  a n d  l o w e r  human con- 
t r o l l e r  g a i n .  The s u b j e c t s  showed  no a p p r e c i a b l e   t e n d e n c y   t o   f a v o r  
t h e  f o v e a l  t a sk  when p rov ided  w i t h  fovea l  and  p e r i p h e r a l  tasks of 
a p p r o x i m a t e l y   e q u a l   d i f f i c u l t y .   I n t e r f e r e n c e  was greater  when two 
axes  were c o n t r o l l e d  by  one  hand opera t ing  a two-axis  manipula tor  
t h a n  when each  hand opera ted  a s i n g l e - a x i s  m a n i p u l a t o r .  
The s u b j e c t s  were a l s o  a l l o w e d  t o  s c a n  w h i l e  c o n t r o l l i n g  t h e  
f o u r   i n d e p e n d e n t   a x e s .   F o u r   s e p a r a t e   d i s p l a y s  were p rov ided ,  lo -  
c a t e d  a t  t h e  f o u r   c o r n e r s  of an   imaginary   square .  Two expe r imen ta l  
c o n d i t i o n s  were i n v e s t i g a t e d ;  ( a )  homogeneous i n p u t s ,  i n  w h i c h  t h e  
s p e c t r a l  c h a r a c t e r i s t i c s  a n d  t o t a l  p o w e r  l e v e l s  of  t h e  f o u r  i n p u t s  
were i d e n t i c a l ,  a n d  ( b )  nonhomogeneous i n p u t s ,  i n  which the  mean- 
squa red  inpu t  on  t h e  a x i s  c o r r e s p o n d i n g  t o  t h e  lower l e f t  d i s p l a y  
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was f o u r  times as great as the  mean-squared inputs  a p p l i e d  t o  each. 
of t h e  remain ing  three a x e s .  The s u b j e c t s  f i x a t e d  t h e  upper  two 
d i s p l a y s  most  of t h e  time even when t h e  i n p u t s  were homogeneous; 
a p p a r e n t l y  b e c a u s e  o f  t h e  s u p e r i o r  v i s u a l  i n f o r m a t i o n  o b t a i n e d  i n  
t h e  l o w e r   p o r t i o n   o f  t h e  per ipheral  v i s u a l  f i e l d .  Scann ing   behav io r  
was changed  neg l ig ib ly  when t h e  inpu t  on  t h e  lower l e f t  a x i s  was 
i n c r e a s e d .  The f a i l u r e  o f  t h e  s u b j e c t s  t o  f i x a t e  t h e  lower l e f t  
d i s p l a y  f o r  a s u b s t a n t i a l l y  g rea te r  f r a c t i o n  o f  time i n  this  c i r -  
cumstance stemmed, we assume, from t h e  r e l a t ive  improvemen t  of 
pe r iphe ra l  p e r c e p t i o n  tha t  accompanied a larger  e r r o r  s i g n a l  on 
t h a t  d i s p l a y .  
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APPENDIX A 
A P P E N D I X   A .   P P A R A T U S   A N D   P R O C E D U R E S  
Two exper imenta l   p rograms are described i n  t h i s  r e p o r t :   a n  
e x t e n s i v e  s t u d y  o f  m u l t i - a x i s  c o n t r o l  b e h a v i o r ,  a n d  a subsequent  
(and less e x t e n s i v e )  s t u d y  of i n t e r f e r e n c e  e f fec ts  w i t h i n  a s i n g l e  
a x i s  of  c o n t r o l .  The a p p a r a t u s   a n d   p r o c e d u r e s   d e s c r i b e d   i n  t h i s  
appendix  were, w i t h  some mod i f i ca t ions ,  u sed  th roughou t  t h e  prim- 
a ry   exper imenta l   p rogram.  To some e x t e n t ,  these same procedures  
were employed i n  t h e  second  program. Table  A - 1  l i s t s  the  se t  of  
e x p e r i m e n t a l   c o n d i t i o n s  common t o  most of the  experiments .   Devia-  
t i o n s  f r o m  these c o n d i t i o n s  are m e n t i o n e d  s p e c i f i c a l l y  i n  t he  p r e s -  
e n t a t i o n  o f  e x p e r i m e n t a l  r e s u l t s  i n  A p p e n d i c e s  B and C .  
I n  t h e  pr imary experimental  program, t he  s u b j e c t s  were pre- 
s e n t e d  w i t h  f o u r  c o m p e n s a t o r y  t r a c k i n g  d i s p l a y s ,  e a c h  o f  which con- 
t a i n e d  a s t a t i o n a r y  r e f e r e n c e  bar and a moving bar  t o  i n d i c a t e  
s y s t e m   e r r o r .  The e r r o r  bars were c o n t r o l l e d  by compat ib le  move- 
m e n t s   o f   t w o   2 - a x i s   c o n t r o l   s t i c k s .  The f o u r   a x e s  were l i n e a r l y  
independen t ,  and  s imul t aneous  con t ro l  was r e q u i r e d  f o r  v a r i o u s  
combinat ions  of  1,2,3, and 4 a x e s  d u r i n g  t h e  cour se  o f  t h e  e x p e r i -  
mental   program.  Figure A - 1  shows a l i nea r   f l ow  d i ag ram  o f   one   o f  
t h e  four   axes .   Throughout  t h i s  exper imenta l   p rogram we used a 
s t a t e - r e g u l a t i o n  c o n f i g u r a t i o n ,  as opposed t o  t h e  command-input 
c o n f i g u r a t i o n  p r e v i o u s l y  u s e d  by us  and   o ther   workers  (Refs. 1-41 
i n  o r d e r  t o  p r o v i d e  c o m p a t a b i l i t y  w i t h  r e c e n t  t h e o r e t i c a l  d e v e l o p -  
ments (Ref.  6 ) .  The f o r c i n g   f u n c t i o n  was i n j e c t e d  i n  pa ra l l e l  
w i t h  t he  p i l o t ' s  c o n t r o l  a c t i o n  a n d  t h u s  a p p e a r e d  as a d i s t u r b a n c e  
o n  v e h i c l e  v e l o c i t y .  
A-I. 
TABLE A - 1  
Exper imenta l  Condi t ions  Common t o  Most  Experiments 
I 
Exper imenta l  
Vari a b  l e  I S t anda rd   Cond i t ion  
I 
Displays  Four  d i sp l ays  a r r anged  on  t h e  
c o r n e r s  of  a square whose sides 
were 1 6 O  v i s u a l  a r c  i n  l e n g t h .  
See F igure  A-2. 
C o n t r o l s  Two 2 - a x i s  c o n t r o l s ,  w i t h  each 
a x i s  o f  c o n t r o l  a f f e c t i n g  a 
s i n g l e  d i s p l a y .  
Cont ro l led-e lement  
was such  t h a t  1 newton of  force  Dynamics 
K / s  i n  a l l  a x e s .   C o n t r o l   g a i n  
produced a d i s p l a y  d e f l e c t i o n  
r a t e  of 2 d e g r e e s  v i s u a l  a r c  p e r  
second.  
Fo rc ing  Func t ions  Sums o f  s i n u s o i d s  t o  s i m u l a t e  a 
f i r s t - o r d e r  n o i s e  p r o c e s s  w i t h  a 
b reak  f requency  a t  2 rad/sec. 
S i m i l a r  s t a t i s t i c a l  p r o p e r t i e s ,  
bu t  d i f f e ren t  wave fo rms ,  on  each  
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F I G . A - ~  L INEAR FLOW D I A G R A M  O F  .4 S INGLE-AXIS  COMPENSATORY 
MANUAL CONTROL S Y S T E M  
S y s t e m   f o r c i n q   f u n c t i o n ,   s y s t e m   e r r o r ,   a n d   c o n t r o l  
m o v e m e n t   a r e   r e p r e s e n t e d   b y   i , x ,   a n d   u ,   r e s p e c t i v e l y .  
T h e   c o n t r o l l e r   r e m n a n t   i s   r e p r e s e n t e d   b y   a n   e q u i v a l e n t  
o b s e r v a t i o n   n o i s e  r x ,  a n d   t h e   " p e r c e i v e d   e r r o r "  i s  
s h o w n   a s   x ' .  H a n d  V r e p r e s e n t   t h e   h u m a n   c o n t r o l l e r ' s  
d e s c r i b i n g   f u n c t i o n   a n d   t h e   v e h i c l e   d y n a m i c s .  
T h e   v e h i c l e   o u t D u t   i s   s h o w n   h e r e   a s  - x  s o  t h a t  we may 
a d o p t   t h e   s t a n d a r d   p r a c t i c e   o f   i n d i c a t i n g   n e g a t i v e  
f e e d b a c k .  
PRINCIPAL EXPERIMENTAL HARDWARE 
Computing Machinery 
An Applied Dynamics AD/4 Analog Computer was Bed t o  s i m u l a t e  
vehic le  dynamics ,  d r ive  t h e  d i sp lays ,  and  compute  mean-squared  sys- 
tem e r r o r s .  An SDS-940 time-shared d i g i t a l  f a c i l i t y  was used t o  
g e n e r a t e  f o r c i n g  f u n c t i o n s ,  c o n v e r t  a n a l o g  data t o  d i g i t a l  format 
f o r  s t o r a g e  on magnetic tape,  and aid i n  data a n a l y s i s .  
Subject Booth 
The d i s p l a y s  and  con t ro l s  were l o c a t e d  i n  a sub jec t  boo th  
t h a t  was i s o l a t e d  b o t h  a c o u s t i c a l l y  a n d  v i s u a l l y .  A ch in  rest  was 
provided t o  c o n t r o l  the  s u b j e c t ' s  p o i n t  o f  regard and t o  minimize 
r o t a t i o n a l  head motions.  
The s u b j e c t  was provided  w i t h  f o u r  o s c i l l o s c o p i c  d i s p l a y s  
a r ranged  on a p l a n e  s u r f a c e  l o c a t e d  72 cm i n  f r o n t  o f  t h e  s u b j e c t ' s  
p o i n t   o f   r e g a r d .  The d i s p l a y s  were l o c a t e d  a t  t h e  corners   o f   an  
imaginary square,  as shown i n  t h e  sca led  drawing  of  F igure  A-2a. 
The c e n t e r s  o f  t h e  d i s p l a y s  were separated by about  1 6  degrees of 
v i s u a l  a r c  a l o n g  the  s ides  of t h e  square and about 22 degrees  a long  
t h e  d iagonal .  Each scope  f ace  was masked w i t h  b l ack  paper  t o  pro- 
duce a rec tangular  background of  5 by 1 0  cm. The phosphor  of the  
d i s p l a y  tube  was type  P-11, which  gave a b l u i s h  c a s t  t o  t h e  refer-  
e n c e  a n d  e r r o r  i n d i c a t o r s .  An o v e r l a i d  r e t i c l e  p r o v i d e d  a r ec t an -  
g u l a r   a r r a y   o f  g r i d  Lines separated by about  1 / 2  cm. I n t e n s i t y  
l e v e l s  f o r  t h e  d i s p l a y  and background were a d j u s t e d  t o  b e  the same 
f o r  a l l  d i s p l a y s  and were kep t  t he  same throughout  the exper imenta l  
program. A cons t an t  low l e v e l   o f  room l i g h t i n g  was maintained.  A 
t y p i c a l  d i s p l a y  p r e s e n t a t i o n  ( m i n u s  t h e  g r i d  l i n e s )  i s  shown i n  
A-4 
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Figure  A-3; the  dimensions shown i n d i c a t e  d e g r e e s  of v i s u a l  arc  
w i t h  r e f e r e n c e  t o  the  s u b j e c t ' s  p o i n t  of regard. 
P r e l i m i n a r y  i n v e s t i g a t i o n  r e v e a l e d  that peripheral  t r a c k i n g  
performance was aided by the  a b i l i t y  of t h e  s u b j e c t  t o  e x t r a p o l a t e  
a ze ro  r e fe rence  f rom h i s  f i x a t i o n  p o i n t  t o  the p e r i p h e r a l  d i s p l a y .  
T h i s  was t rue  appa ren t ly  because  pe rcep t ion  o f  t h e  s t a t i o n a r y  base- 
l i n e  p r e s e n t e d  on the per ipheral  d i s p l a y  faded a f t e r  a few seconds.  
I n  o r d e r  t o  p r o v i d e  s i m i l a r  v i e w i n g  c o n d i t i o n s  f o r  e a c h  f i x a t i o n  
p o i n t ,  t he  e r r o r  i n d i c a t o r s  o f  t he  upper l e f t  (UL) and  lower  r igh t  
(LR) d i s p l a y s  were p resen ted  as v e r t i c a l  bars which moved I n  the 
horizontal  dimension,  and the  lower l e f t  (LL)  and  upper r i g h t  ( U R )  
were h o r i z o n t a l  bars which moved i n  t h e  v e r t i c a l  d i m e n s i o n .  This 
arrangement allowed t h e  s u b j e c t  t o  e x t r a p o l a t e  a z e r o  r e f e r e n c e  
o n l y  t o  t h e  per iphera l  d i s p l a y  l o c a t e d  i n  t he  nea res t  c lockwise  
p o s i t i o n  t o  h i s  f i x a t i o n  p o i n t ,  no matter which of t h e  f o u r  d i s -  
p l a y s  was des ignea ted  as t h e  f i x a t i o n  p o i n t .  Examples  of  horizon- 
t a l  and v e r t i c a l  r e f e r e n c e  e x t r a p o l a t i o n  are shown i n  F i g u r e s  A-2b 
and A - ~ c ,  r e s p e c t i v e l y .  
Cont ro ls  
The subjec t  manipula ted  two  aluminum s t i c k s ,  e a c h  o f  w h i c h  
was a t t a c h e d  t o  a force-sensit ive hand control (Measurement Sys- 
tems Hand Cont ro l ,  Model 435). The s t ick-cont ro l   combina t ion   pro-  
v i d e d  a n  o m n i d i r e c t i o n a l  s p r i n g  r e s t r a i n t  w i t h  a r e s t o r i n g  f o r c e  
of  about  8 x 1 0  dynes per  c e n t i m e t e r  d e f l e c t i o n  o f  the  t i p  of  t h e  
s t i c k .  The sub jec t   u sed  wrist and   f inger   mot ions   to   manipula te  
the  s t i c k s  and was provided w i t h  arm rests t o  s u p p o r t  h i s  forearms.  
5 
The t ransducer  of  each  hand cont ro l  provided  two independent  
e l e c t r i c a l  o u t p u t s ,  o n e  p r o p o r t i o n a l  t o  the h o r i z o n t a l  a n d  t h e  
o t h e r  p r o p o r t i o n a l  . to  t he  v e r t i c a l  component of d e f l e c t i o n .  
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The s t i c k s  were a l l o w e d  t o  move f r e e l y  i n  b o t h  a x e s  i n  a l l  e x p e r i -  
ments. The e r r o r  i n d i c a t o r s  i n  t he  i n a c t i v e   a x e s  were clamped 
e l e c t r o n i c a l l y  a t  z e r o  d i s p l a c e m e n t .  
I n  o r d e r  t o  p r o v i d e  a h i g h  degree of  cont ro l -d isp lay  compat -  
i b i l i t y ,  e a c h  c o n t r o l  was o r i e n t e d  s o  t h a t  t h e  s t i c k  was hor izon-  
t a l  and could b e  moved i n  a p l a n e  p a r a l l e l  t o  t h e  p l a n e  o f  the d i s -  
p l a y s .  Each d i s p l a y  was c o n t r o l l e d  by a component  of s t i c k  move- 
ment a l o n g  t h e  same a x i s  as t h e  motion of t he  e r r o r  i n d i c a t o r .  
Thus ,   the  UL d i s p l a y  was c o n t r o l l e d  by x-axis  ( i . e . ,  h o r i z o n t a l l y -  
d i r e c t e d )  d e f l e c t i o n s  o f  t h e  l e f t  c o n t r o l  s t i c k ,  t h e  LL d i s p l a y  
by y-axis  motions of t h e  l e f t  s t i c k ,  t h e  UR d i s p l a y  by y-ax is  
motions of t h e  r i g h t  s t i c k ,  a n d  t h e  LR d i s p l a y  by x - a x i s  motions 
of t h e  r i g h t  s t i c k .  The r e s p o n s e   o f   a n   e r r o r   i n d i c a t o r  was i n  
t h e  same d i r e c t i o n  as the  corresponding component  of  control  de- 
f l e c t i o n .  
Oculographic  Recording Apparatus  
Eye  movements were m o n i t o r e d  v i a  e l e c t r o - o c u l o g r a p h i c  t e c h -  
n iques  (Ref. 1 7 ) .   V o l t a g e s   p r o p o r t i o n a l   t o   e y e   p o s i t i o n   ( r e l a t i v e  
t o  head p o s i t i o n )  were d e t e c t e d  v i a  Beckman b i o p o t e n t i a l  s k i n  e l e c -  
t r o d e s  a n d  p r e a m p l i f i e d  by E l e c t r o  I n s t r u m e n t s  Model A20B DC ampli-  
f i e rs .  Separate r e c o r d i n g  systems were u s e d   t o   m o n i t o r   h o r i z o n t a l  
and v e r t i c a l  e y e  movements. 
CONTROL SYSTEM PARAMETERS 
Controlled-Element Dynamics 
The control led-element  dynamics were K/s i n  a l l  a x e s  f o r  a l l  
expe r imen t s .   In  a l l  but   one   exper iment ,  t he  c o n t r o l   g a i n s  were the  
same on a l l  axes .   For   most   of  t h e  expe r imen t s ,  t h e  c o n t r o l  g a i n  
was such  t h a t  1 newton of f o r c e  p r o d u c e d  a n  e r r o r  ra te  o f  2 degrees 
v i s u a l  a r c  per  second. 
A- a 
Forc ing  Func t ions  
Forc ing - func t ions  were p rov ided  v i a  a mul t i channe l  FM mag- 
n e t i c  t a p e  s y s t e m  d u r i n g  t r a i n i n g  a n d  were gene ra t ed  by the 940 
d i g i t a l  s y s t e m  d u r i n g  d a t a - t a k i n g  s e s s i o n s .  Up t o  1 3  s i n u s o i d s  
were summed t o  p r o v i d e  s i g n a l s  that  were random-appearing and 
whose spec t r a  approx ima ted  white  no i se  p rocessed  by a f i r s t - o r d e r  
f i l t e r  w i t h  a p o l e  a t  2 r a d / s e c .  I n  o r d e r  t o  a s s u r e  o r t h o g o n a l i t y  
among t h e  componen t  s inuso ids ,  an  in t eg ra l  number of cycles of 
each  component was c o n t a i n e d  i n  the  measurement i n t e r v a l  ( a b o u t  
200  seconds).  Thus,  each  component was a harmonic  of t h e  funda- 
mental   f requency 
w = 27~/200 = .O3l r ad / sec  . 
0 
For most of t he  exper iments  t h e  mean-squared input was about  2 . 2  
( a rc -degrees / sec I2  on each  ax is ,  where  t h e  u n i t s  re fe r  t o  t h e  an- 
g u l a r  v e l o c i t y  o f  t h e  e r r o r  i n d i c a t o r  that  would r e s u l t  i f  no  con- 
t r o l  a c t i o n  were t a k e n  by t h e  s u b j e c t .  
Three sets o f  f o r c i n g  f u n c t i o n s  w e r e  u s e d  f o r  data  t a k i n g .  
Tables  A-2 through A-4  show f o r  e a c h  s i n u s o i d a l  component  of  each 
f o r c i n g  f u n c t i o n  the  r ad ian  f r equency ,  t h e  number of  wavelengths  
c o n t a i n e d  i n  t h e  m e a s u r e m e n t  i n t e r v a l ,  a n d  t h e  r e l a t i v e  a m p l i t u d e .  
(The component  ampli tudes have been normalized to  y i e l d  a mean- 
s q u a r e d   s i g n a l   l e v e l   o f   u n i t y . )  The i n i t i a l  p h a s e  shif ts  asso-  
c i a t e d  w i t h  each component of a f o r c i n g  f u n c t i o n  were s e l e c t e d  
from a random process  having a un i fo rm d i s t r ibu t ion  be tween  0 and 
27~. The f o u r  f o r c i n g  f u n c t i o n s  c o n t a i n e d  i n  set  B (Table  A-3) 
were i d e n t i c a l  i n  o r d e r  t o  p r o v i d e  tasks on  each  ax is  that  were 
as n e a r l y  a l ike  as p o s s i b l e .  T h i s  i n p u t  set  was u s e d   o n l y   f o r  
expe r imen t s   i n   wh ich  the  axes  were t racked   one  a t  a time. For  
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TABLE A-2 
Parameters of Forcing-Function Set A 
~~~~~~~ ~~~ ~~~~~~ 
AXIS 1 
~ ~~ 
No. of -Wave- 
Interval Amplitude (rad/sec ) Interval 
Measurement Re lat ive Frequency Measurement 
Lengths  in Lengths in 
No. of Wave- 
3 
1 9  .463 55. 1 8  
10 ,406 25 8 
4 .289  .092 
30 33 475 92 * 
I 
0 
P 45 47 517 1 . 4  
68 72 .486 2 . 1  
90 
134 
86 .462 2.8 
17 8 
126 .434 4 . 1  
5.5 ~ I .384 190 
266 8.2 336 258 
358 
5 30 .262 15.9 518 
370 . 2 8 1  11.0 
AXIS 2 
Frequency  Relative 
.12 
3 1  
58 
1.0 
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TABLE A-3 
Parameters of Forcing-Function Set B 
(Parameters  identical  on  all  axes) 
~ 
No. of Wavelengths 
in  Measurement  Interval 
6 
1 7  
32 
48 
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.424  
. 3 8 1  
.325 
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TABLE A-4 
Parameters of Forcing 
No. of  Wave- 
Lengths in 
Measurement 
I n t e r v a l  
R e l a t i v e  Frequency 
































1 . 5  
2 .0  
2.9 
4 . 0  
5 .7  
8.0 
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. 2 2  
49 
.445 
.324 8 .3  
.368 5.6 
.456 4 .2  
.499 2.5 
.467 1 . 9  
.415 1 . 4 .524 1.1 
.494 
11.1 
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'unc t ion  Set C 
No. of  Wave- 
Lengths i n  
Measurement Frequency 
Amplitude ( r a d / s e c )  I n t e r v a l  
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t he  e x p e r i m e n t s  i n  which two or more axes  were t r acked  s imul t ane -  
o u s l y ,  i t  was n e c e s s a r y  t o  p r o v i d e  d i f f e r e n t  i n p u t s  o n  each a x i s  
so  t ha t  t h e  tasks would  appear t o  b e  l i n e a r l y   u n c o r r e l a t e d .   I n p u t  
se t  C was d e s i g n e d   f o r  t h i s  purpose.   Although t h e  f o u r  f o r c i n g  
f u n c t i o n s  i n  t h i s  s e t  are composed  of the  same approximate f re-  
quency  components,   corresponding  components da v a r y  s l i g h t l y  s o  
t ha t  no  two f o r c i n g  f u n c t i o n s  c o n t a i n ' e x a c t l y  the  same f r e q u e n c i e s .  
T h i s  d e s i g n  a l l o w s  u s  t o  t e s t  f o r  l i n e a r  c r o s s - c o u p l i n g s  i n t r o -  
duced by.  t h e  s u b j e c t .  
T R A I N I N G  AND EXPERIMENTAL PROCEDURES 
Sub.-lects 
F o u r  s u b j e c t s ,  a l l  o f  them i n s t r u m e n t - r a t e d  p i l o t s ,  p a r t i c i -  
pa t ed  i n  t h i s  experimental   program. Three s u b j e c t s  were a c t i v e  i n  
t h e  Air National  Guard,  and t h e  r e m a i n i n g  s u b j e c t  was a c t i v e  as a 
c o m m e r c i a l   p i l o t .  Two of  t h e  s u b j e c t s  (JF,DM) had p a r t i c i p a t e d  i n  
prev ious  exper imenta l  p rograms;  t h e  r e m a i n i n g  s u b j e c t s  were novices  
w i t h  regard  t o   e x p e r i m e n t a l   m a n u a l   c o n t r o l   s i t u a t i o n s .  A l l  of  t h e  
s u b j e c t s ,  by v i r t u e  o f  t h e i r  o c c u p a t i o n s ,  were assumed t o  p o s e s s  
both  good eyes ight  and  a n a t i v e  a b i l i t y  f o r  p r o f i c i e n t  manual  con- 
t r o l .  
I n s t r u c t i o n s  
The s u b j e c t s  were ins t ruc t ed  to  min imize  mean- squa red  t r ack -  
i n g  e r r o r .  When t r a c k i n g  more t h a n   o n e   a x i s   s i m u l t a n e o u s l y ,   t h e y  
were i n s t r u c t e d  t o  m i n i m i z e  a t o t a l  s c o r e  g i v e n  as the  sum of  t h e  
mean- squa red   e r ro r   s co res   ob ta ined   f rom  each   ax i s .  (The s c o r e s  
were w e i g h t e d   e q u a l l y   i n  t h i s  computa t ion . )  The s u b j e c t s  were i n -  
formed of t h e i r  s c o r e s  a f t e r  e a c h  s e s s i o n ,  a n d  h i s t o r i e s  o f  t h e  
per formance  of  a l l  s u b j e c t s  were pos t ed  and  shown t o  e a c h  s u b j e c t  





All t r a i n i n g  a n d  e x p e r i m e n t a l  t r i a l s  lasted four  minutes  and  
were g e n e r a l l y  p r e s e n t e d  i n  s e s s i o n s  o f  th ree  o r  f o u r  t r ia l s  each  
w i t h  a minimum rest p e r i o d  o f  1 0  minutes   be tween  sess ions .  Minimum 
rest p e r i o d s  o f  1 minute were p rov ided  be tween  success ive  t r ia l s  
w i t h i n  a s e s s i o n .  
I n p u t s  
A number  of f o r c i n g  f u n c t i o n s  were u s e d  d u r i n g  t r a i n i n g  u n d e r  
a g i v e n   c o n d i t i o n   t o   m i n i m i z e   l e a r n i n g   o f  t h e  i n p u t .  These f o r c i n g  
f u n c t i o n s  were of  t h e  t y p e  shown i n  T a b l e  A - 4 ,  e x c e p t  t h a t  t he  
h ighes t  frequency  component was a b s e n t .   I n   o r d e r   t o   m i n i m i z e  t h e  
e f f e c t s  o f  i n p u t  d i f f e r e n c e s  on t h e  e x p e r i m e n t a l  r e s u l t s ,  h o w e v e r ,  
a s i n g l e  set o f  f o r c i n g  f u n c t i o n s  was u s e d  i n  a g iven  exper iment .  
T r a i n i n g  
The s u b j e c t s  were t r a i n e d  f o r  e a c h  e x p e r i m e n t a l  c o n d i t i o n  
u n t i l  t h e i r  pe r fo rmance   l eve l s  appeared t o  b e  s t ab le .  An average  
o f  nea r ly  s ix ty  4 -minu te  t r i a l s  o f  t r a i n i n g  was p r o v i d e d  t o  e a c h  
s u b j e c t  p r i o r  t o  t h e  f i rs t  e x p e r i m e n t ;  s u b s t a n t i a l l y  l e s s  t r a i n i n g  
was r e q u i r e d   f o r   s u b s e q u e n t   e x p e r i m e n t s .   I n   g e n e r a l ,  t h e  s u b j e c t s  
were t r a i n e d  i n  a n  e q u a l  m i x t u r e  o f  t h e  c o n d i t i o n s  t o  b e  i n v e s t i -  
g a t e d  i n  a g iven  exper iment .  
DATA RECORDING 
A l l  expe r imen ta l  data were reco rded  on to  d i g i t a l  magnetic 
tape v i a  the  SDS-940 system and i t s  a s s o c i a t e d  pe r iphe ra l  hardware. 
Cont ro l  of  t he  experiment  was e f f e c t e d  t h r o u g h  the  STOREDATA s y s t e m ,  
a p r o g r a m  w r i t t e n  i n  a 940-compatible  vers ion of  FORTRAN I1 which 
(1) gene ra t ed  the  f o r c i n g  f u n c t i o n s ,  ( 2 )  p rovided  a s i g n a l  f o r  con- 
t r o l l i n g  the  analog  computer ,  ( 3 )  performed  on-l ine  computat ions of 
A - 1 4  
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the incoming data, and ( 4 )  converted t h e  data t o  d i g i t a l  format 
f o r  s t o r a g e .  Data were sampled a t ' t h e  ra te  of  20 samples/second. 
A l l  exper imenta l  t r i a l s  were 4800 samples ( 4  m i n u t e s )  i n  l e n g t h .  
' A l l  o f  t h e  a n a l y s e s  d e s c r i b e d  i n  t h e  fo l lowing  sec t ion  ( excep t  
f o r  some of t h e  eye-movement a n a l y s i s )  were performed on 4096 
samples (about 3 minutes ,  20  seconds)  beginning  about  20 seconds 
a f te r  the onse t  of  t he  t r i a l .  
4 
DESCRIPTIVE MEASURES 
._ Mean-Squared E r r o r s  
Mean-squared e r r o r  (MSE) s c o r e s  were computed f o r  e a c h  a x i s  
i n  a g iven  exper imenta l  t r i a l ,  and a total  performance measure was 
computed as the  unweighted sum of these scores .   Analyses   o f   var i -  
ance were performed on selected sets  of MSE s c o r e s  t o  t e s t  t he  
s i g n i f i c a n c e  o f  d i f f e r e n c e s  i n  s c o r e s  t h a t  accompanied  changes i n  
expe r imen ta l  cond i t ions .  
Eye-Movement S t a t i s t i c s  
The fo l lowing  eye-movement s t a t i s t i c s  were computed  from the  
m u l t i a x i s  t r a c k i n g  data. 
( a )  F rac t ion   o f   a t t en t ion :   G iven  as the  f r a c t i o n   o f  
time t h a t  a given d i s p l a y  was f i x a t e d .  
( b )  Fixat ion  f requency:   Defined as the  number of  
observa t ions  of  a g iven  ins t rument  d iv ided  by t h e  
t o t a l  r u n  l e n g t h  i n  s e c o n d s .  
( c )  Mean obse rva t ion  time : Computed as the cumulat ive 
f i x a t i o n  time on a g iven  d i sp lay  d iv ided  by t h e  
number o f  obse rva t ions  o f  tha t  d i s p l a y .  
t
i n  o b t a i n i n g  power s p e c t r a  a n d  d e s c r i b i n g  f u n c t i o n  r e q u i r e s  2K 
data p o i n t s .  
Our implementation of t h e  fas t -Four ie r  t ransform technique  used  
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1 1 1  
An "observa t ion"  was d e f i n e d  as a s u c c e s s i o n  o f  samples cor-  
r e s p o n d i n g  t o  f o v e a l  f i x a t i o n  o f  a s ing le .  d i sp l ay ,  bounded  by 
samples i n d i c a t i n g   f i x a t i o n s   o f   o t h e r   d i s p l a y s .   S u c c e s s i v e   o b s e r -  
v a t i o n s  o f  t he  same d i s p l a y  were n o t  d e f i n e d  as such and were 
t reated as a s ing le   obse rva t ion .   Measu red   obse rva t ion  times were 
n e c e s s a r i l y  m u l t i p l e s  o f  t he  a n a l o g - t o - d i g i t a l  c o n v e r s i o n  i n t e r v a l  
o f  0.05 second. 
The s u b j e c t ' s  f i x a t i o n  p o i n t  was de termined  f rom record ings  
of  t h e  v e r t i c a l  a n d  h o r i z o n t a l  c o m p o n e n t s  o f  e y e  p o s i t i o n  by means 
of two   ze ro - l eve l   de t ec to r s .  The s u b j e c t  was assumed always t o  
f i x a t e  one   o f   the   four  d i s p l a y s .  I n  o r d e r  t o  d i s c o u n t  t h e  s p u r i o u s  
f i x a t i o n s  t ha t  were o f t e n  i n d i c a t e d  when t h e  s u b j e c t  s c a n n e d  a l o n g  
a nea r ly -d iagona l  p a t h ,  a l l  measured  observa t ions  of  less t h a n  
0.25 second were disregarded. S ince  t h e  cumula t ive  time accounted  
f o r  by these s h o r t - t e r m  o b s e r v a t i o n s  was only  about  1 p e r c e n t  o f  
t h e  t o t a l  r u n  time, t h e  e r r o r  i n t r o d u c e d  by o u r  a n a l y s i s  p r o c e d u r e  
was well  w i t h i n  the  expec ted  no rma l  run - to - run  va r i a t ion .  
Power S p e c t r a  
Power s p e c t r a  were o b t a i n e d  u s i n g  F o u r i e r  a n a l y s i s  t e c h n i q u e s  
based on t h e  Cooley-Tukey  method  of  computing  transforms  (Ref. 1 8 ) .  
I n  o r d e r  t o  e n h a n c e  t h e  i n t e r p r e t a b i l i t y  of t h e  r e s u l t s ,  the  funda- 
mental  frequency  component of t h e  F o u r i e r  a n a l y s i s  was t h e  same as 
t h e  base frequency about  which t h e  f o r c i n g  f u n c t i o n s  were c o n s t r u c t e d .  
Each  spec t rum,  the re fo re ,  cons i s t ed  o f  a s e t  o f  l i n e s  s p a c e d  by 
approximately 0 . 0 3 1  rad/sec and extending from 0 .031  t o  a b o u t  6 4  
rad/sec.  Measurements  beyond 37 r ad / sec  were d i s r e g a r d e d .  
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It was c o n v e n i e n t  f o r  a n a l y t i c a l  p u r p o s e s  t o  c o n s i d e r  e a c h  
power  spectrum as t h e  sum of   two  component   spec t ra :  ( a )  the 
" inpu t - co r re l a t ed"  spec t rum,  cons i s t ing  on ly  o f  t hose  measu remen t s  
c o i n c i d e n t  w i t h  the  fo rc ing - func t ion  f r equenc ie s ,  and  ( b )  t h e  
" remnant"  spec t rum,  cons is t ing  of  the  remainder  of  t h e  t o t a l  power 
s p e c t r u m .  T h i s  i n t e r p r e t a t i o n  o f  t he  measurements was based on 
the  assumption tha t  the remnant  was a broadband cont inuous  func t ion  
of  f requency having a r e l a t i v e l y  low p o w e r  d e n s i t y  l e v e l ,  as com- 
p a r e d  t o  t h e  i n p u t - c o r r e l a t e d  p o r t i o n  of the  s igna l  wh ich  con ta ined  
a r e l a t i v e l y  h i g h  power  dens i ty  l eve l  a t  a few s e l e c t e d  f r e q u e n c i e s .  
Thus,  measurements a t  i n p u t  f r e q u e n c i e s  were assumed t o  r e p r e s e n t  
on ly  the l i n e a r  r e s p o n s e  of t h e  s y s t e m ,  uncorrupted  by t h e  small 
amount  of  remnant i n  t h e  measurement  "window". ( T h i s  assumption 
was t e s t e d  f o r  e a c h  s p e c t r a l  m e a s u r e m e n t . )  
Computation of t h e  power spectrum allowed t h e  p a r t i t i o n i n g  of 
t h e  s i g n a l  v a r i a n c e  i n t o  t h e  p o r t i o n  o f  s i g n a l  power c o r r e l a t e d  
w i t h  t h e  inpu t   and  t h e  p o r t i o n  due  t o  remnant.  These  component 
s c o r e s  were o b t a i n e d  by  summing t h e  spec t ra l  measurements  ob ta ined  
a t  inpu t  f r equenc ie s  and  a t  a l l  f r e q u e n c i e s  e x c e p t i n g  i n p u t  fre- 
q u e n c i e s ,   r e s p e c t i v e l y .  (The power  measurement a t  ze ro   f r equency ,  
r e p r e s e n t i n g  t h e  s q u a r e  o f  t h e  mean, was n o t  i n c l u d e d  i n  t h e  l a t t e r  
summation. ) 
Estimates o f  the remnant component of the spectrum a t  i n p u t  
f r e q u e n c i e s  were needed  fo r  t he  computa t ion  of o b s e r v a t i o n  n o i s e  
( d i s c u s s e d  b e l o w )  a n d  a l s o  t o  p r o v i d e  a n  estimate o f  the  s i g n a l -  
t o - n o i s e   r a t i o  a t  these f requencies .   This   measurement   could   no t  
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be  o b t a i n e d  d i r e c t l y ,  s i n c e  t h e r e  was no way t o  s u b d i v i d e  a s i n g l e  
measurement in to  inpu t - r e l a t ed  and  r emnan t - r e l a t ed  componen t s .  
I n s t e a d ,  estimates were p rov ided  by a v e r a g e s  o f  t h e  p o w e r  s p e c t r a l  
measurements   obtained  on e i the r  s i d e  o f  ( b u t  n o t  i n c l u d i n g )  a n  
inpu t   f r equency .  The assumpt ion  was made t h a t  t he  remnant   spectrum 
was a c o n t i n u o u s  f u n c t i o n  o f  f r e q u e n c y  i n  t h e  v i c i n i t y  o f  t h e  i n p u t  
f r e q u e n c i e s .  T h i s  has been  shown t o  b e  a reasonably  good  assump- 
t i o n  ( R e f .  1). The a v e r a g i n g  windows ex tended   roughly  118 o c t a v e  
on e i t h e r  s i d e  o f   each   i npu t   f r equency .   S ince  t h e  s p e c t r a l  mea- 
surements  y i e l d e d  by  t h e  F o u r i e r  a n a l y s i s  were s p a c e d  l i n e a r l y  
w i t h  f requency ,  t h e  number o f  measu remen t s  i nc luded  in  t h e  ave rage  
i n c r e a s e d  w i t h  i n c r e a s i n g  f r e q u e n c y  - ranging from 1 f o r  t h e  es t i -  
mate a t  t h e  lowes t   f r equency   t o   a round  180 a t  t h e  h i g h e s t  f r e q u e n c y .  
Desc r ib ing  Func t ions  
Human c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n s  were o b t a i n e d  u s i n g  t h e  
Four i e r   ana lys i s   t echn iques   desc r ibed   above .   Samples   o f  t h e  con- 
t r o l l e r  d e s c r i b i n g  f u n c t i o n  - a t  i n p u t  f r e q u e n c i e s  o n l y  - were 
ob ta ined  by  d i v i d i n g  the  t r a n s f o r m  o f  t h e  c o n t r o l  s i g n a l  by  t h e  
t r a n s f o r m   o f  t h e  e r r o r  s i g n a l .  T h i s  t e c h n i q u e  i s  similar t o  t h o s e  
employed by T u s t i n  (Ref .  19), McRuer, e t  a1 (Ref. 11, and  Taylor  
( R e f .  20) .  Estimates o f  t h e  s i g n a l - t o - n o i s e   r a t i o  a t  e a c h   i n p u t  
f requency were obta ined  f rom a comparison of  t h e  power measured 
a t  t ha t  f r e q u e n c y  t o  t h e  c o r r e s p o n d i n g  estimate of  remnant  power. 
I n  o r d e r  t o  p r e v e n t  t he  e x p e c t e d  e r r o r  i n  t h e  a m p l i t u d e - r a t i o  e s t i -  
mate from  exceeding 2 dB, estimates of  t h e  c o n t r o l l e r ' s  d e s c r i b i n g  
f u n c t i o n  were d i s r e g a r d e d  a t  f r e q u e n c i e s  f o r  which e i t h e r  t h e  e r r o r  
or  cont ro l  power  measurement  f a i l ed  t o  e x c e e d  the  co r re spond ing  
estimate of  remnant  power  by 4 dB. 
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The d e s c r i b i n g  f u n c t i o n s  p r e s e n t e d  i n  t h i s  r e p o r t  r e l a t e  
c o n t r o l  a c t i v i t y  t o  t h e  d i s p l a y  e r r o r .  We h a v e   c h o s e n   t o   r e p r e -  
s e n t  c o n t r o l  a c t i v i t y  i n  terms of i t s  e q u i v a l e n t  e f f ec t  o n  e r r o r  
ra te  when p r e s e n t i n g  the  r e s u l t s  o f  t he  mul t i -ax is  exper iments .  
The a m p l i t u d e  r a t i o s  d e r i v e d  f r o m  these r e s u l t s  t h u s  h a v e  u n i t s  
of ( d e g / s e c ) / d e g   o r ,   s i m p l y ,   s e c  . On the  o t h e r   h a n d ,  we found 
t h a t  c o n t r o l  a c t i v i t y  was best  r e p r e s e n t e d  as newtons  of  force  
when p r e s e n t i n g  t h e  r e s u l t s  o f  t h e  second experimental  program. 
Accordingly,  t h e  a m p l i t u d e  r a t i o s  f o r  t h i s  program are g i v e n  i n  
u n i t s   o f   n e w t o n s / d e g r e e   v i s u a l   a r c .  Phase s h i f t  i s  g i v e n  i n  de- 
g rees   t h roughou t  t h i s  r e p o r t .  
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- Observa t ion  - Noise 
Al though our  model  of  cont ro l le r  remnant  i s  based upon a 
v e c t o r  obse rva t ion  no i se  p rocess ,  ou r  measu remen t  t echn iques  do 
no t  r e a d i l y  pe rmi t  us  t o   e x t r a c t ,   f r o m  t h e  s i n g l e   s p e c t r u m  cp , 
uur 
t h e  two noise  components  associated w i t h  e s t i m a t i o n  o f  d i s p l a y  
p o s i t i o n   a n d  d i s p l a y  ra te .  The best  w e  c a n  d o ,  i n  terms of  data 
man ipu la t ion ,  i s  t o  r e f l e c t  r e m n a n t  b a c k  t o  a n  e q u i v a l e n t  scaZar 
n o i s e  i n j e c t i o n  p r o c e s s .  
C o n s i d e r  a n  o b s e r v a t i o n  n o i s e  p r o c e s s  rx ( t )  i n j e c t e d  o n t o  
sys tem e r r o r .  If t h i s  p r o c e s s  i s  l i n e a r l y  u n c o r r e l a t e d  w i t h  t h e  
i n p u t  s i g n a l  i ( t ) ,  t h e  c l o s e d - l o o p  e r r o r  a n d  c o n t r o l  s p e c t r a  may 
be  s e p a r a t e d  i n t o  the  f o l l o w i n g  i n d e p e n d e n t  i n p u t - r e l a t e d  a n d  
remnant-related  components  ( re fer  t o  F i g u r e  A-1): 
@ X X  - 
- 
axxi +cp x 'r 
Quu = cp +cp 
uui u'r 
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HV 2 where Q uu 
i (A-2a) 
(A-2b ) 
( A - 2 ~ )  
(A-2d) 
Solu t ion   of   Eqs .  (A-2a) and  (A-2b) y i e l d s  for t h e  o b s e r v a t i o n   n o i s e  
spec t rum:  
@uu 
@ = l V 1 2  - . 
r r X  
Q @i i 
r 
uui 
If t h e  o b s e r v a t i o n  n o i s e  i s  i n j e c t e d  o n t o  e r r o r  r a t e  i n s t e a d  o f  
e r r o r ,  we o b t a i n  
Since measurements  of  Qii and Q c a n  b e  ob ta ined  on ly  a t  i n p u t  
f r e q u e n c i e s ,  t h e  o b s e r v a t i o n  n o i s e  s p e c t r u m  o b t a i n e d  i n  t h i s  manner 
can  b e  s p e c i f i e d  o n l y  a t  t h o s e  f r e q u e n c i e s .  A t  f r e q u e n c i e s  s u f f i c i -  
e n t l y  below  gain-crossover  ( i . e . ,  where [ E I V I > > l )  t h e  o b s e r v a t i o n  
no i se  spec t rum i s  a p p r o x i m a t e l y  i d e n t i c a l  t o  t h e  e r r o r  s p e c t r u m  a t  
n o n i n p u t  f r e q u e n c i e s .  Thus , a t  low f r e q u e n c i e s  , 
uui 
o r  
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(A-4b ) 
Equations  (A-3)  and ( A - 4 )  were both   used   to   compute  t h e  observa-  
t i o n  n o i s e  s p e c t r u m  f o r  a g iven   run .   Equa t ion  ( A - 3 )  was u s e d  f o r  
estimates a t  f r e q u e n c i e s   o f  1 rad / sec   and   h ighe r .  Use of t h i s  
formula a t  l o w e r  f r e q u e n c i e s  l ed  t o  a n o m a l o u s  r e s u l t s ,  a p p a r e n t l y  
b e c a u s e  o f  o u r  i n a b i l i t y  t o  o b t a i n  r e l i a b l e  estimates of remnant 
con t ro l   power  a t  low f r e q u e n c i e s .   S i n c e   r e m n a n t   e r r o r  power was 
r e l a t i v e l y  large a t  low f r e q u e n c i e s ,  E q .  ( A - 4 )  was u s e d  t o  compute 
t h e  o b s e r v a t i o n  n o i s e  s p e c t r u m  a t  f requencies  be low 1 rad/sec. 
S ince  t h e  ga in-crossover  f requency  was around 4 rad/sec under  most  
e x p e r i m e n t a l  c o n d i t i o n s ,  e r r o r s  i n t r o d u c e d  b y  use  o f  E q .  ( A - 4 )  were 
e x p e c t e d  t o  b e  on t h e  o r d e r  o f  0 . 2 5  dB a t  1 rad/sec  and  less a t  
l o w e r   f r e q u e n c i e s .   I n   a d d i t i o n ,   u s e   o f  E q .  ( A - 4 )  p rovided  more  low- 
frequency estimates o f  t h e  o b s e r v a t i o n  n o i s e  s p e c t r u m  t h a n  d i d  t h e  
fo rmula  o f  Eq. (A-31, s i n c e  t h e  estlmates were n o t  r e q u i r e d  t o  c o r -  
r e s p o n d  t o  i n p u t  f r e q u e n c i e s .  
CALIBRATION OF THE ANALYSIS PROCEDURE 
The power s p e c t r a  a n d  t h e  human c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n  
which are  p r e s e n t e d  i n  t h i s  s e c t i o n  i n  o r d e r  t o  i l l u s t r a t e  our mea- 
s u r e m e n t  c a p a b i l i t i e s  were a l l  o b t a i n e d  d u r i n g  d a t a - t a k i n g  s e s s i o n s  
and are  r e p r e s e n t a t i v e  o f  t h e  k inds  o f  measu res  ob ta ined  th roughou t  
t h e  exper imenta l   p rogram.  A l l  spec t r a l   measu remen t s  are p r e s e n t e d  
in   dimensions  of   s ignal   power  per   measurement   window.  Although  the 
r emnan t  and  no i se  spec t r a  are more p r o p e r l y  c o n s i d e r e d  as samples 
of  s p e c t r a l  d e n s i t y  f u n c t i o n s  t ha t  are  cont inuous  w i t h  f r equency ,  
t h e y  are p r e s e n t e d  i n  t h e  same u n i t s  as t h e  i n p u t - c o r r e l a t e d  s p e c t r a  
t o  f a c i l i t a t e  e v a l u a t i o n  of t h e  measurement  techniques.  
Y 
P 
The measurement "window" has t h e  form  of  {[sin(nw/wo)]/[rw/wo]~ 
where wo i s  approximate ly  0.031 rad/sec. The remnant   and  noise  
s p e c t r a  may t h e r e f o r e  b e  c o n v e r t e d  t o  u n i t s  o f  power p e r  rad/sec 
by d i v i d i n g  by 0.031 r a d / s e c ,  e q u i v a l e n t  t o  a d d i n g  15 .1  dB.  
2 
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The a b i l i t y  o f  t h e  a n a l y s i s  p r o c e d u r e s  t o  o b t a i n  a c o r r e c t  
power spectrum i s  i l l u s t r a t e d  by the  compar i son  of t h e o r e t i c a l  
and   measu red   i npu t   spec t r a  shown i n  F i g u r e  A-4. The "desired" 
spec t rum i s  t h e  spectrum t h a t  would have been obtained if the re  
were n o   s o u r c e s   o f   e r r o r .  The spectrum label led "co r re l a t ed   power"  
c o n t a i n s  t h e  measurements   obtained a t  t h e  n o m i n a l  i n p u t  f r e q u e n c i e s ;  
t h e  spec t rum l a b e l l e d  " r e s idua l  power"  ind ica tes  samples  of  mea- 
su remen t s   ob ta ined  a t  o t h e r   f r e q u e n c i e s .  The c o r r e l a t e d  power 
spec t rum i s  w i t h i n  0 . 1  d B  of  t h e  t h e o r e t i c a l  s p e c t r u m  a t  f r e q u e n c i e s  
up t o  8 r a d / s e c  a n d  b e g i n s  t o  f a l l  o f f  r e l a t i v e  t o  t h e  t h e o r e t i c a l  
spectrum a t  h i g h e r   f r e q u e n c i e s .  The d i f f e r e n c e   b e t w e e n  t h e  mea- 
s u r e d  a n d  t h e o r e t i c a l  s p e c t r a  a t  h i g h  f r e q u e n c i e s  r e f l e c t s  p r i -  
m a r i l y  t h e  e f f e c t s  o f  a lowpass f i l t e r  l o c a t e d  a t  t h e  i n p u t  
of  the  A/D c o n v e r t e r .  All s p e c t r a l   m e a s u r e m e n t s   p r e s e n t e d   i n  
s u c c e e d i n g  c h a p t e r s  o f  t h i s  r e p o r t  h a v e  b e e n  c o r r e c t e d  t o  a c c o u n t  
f o r  t h e  e f f e c t s  o f  t h i s  f i l t e r .  All p o t e n t i a l   s o u r c e s   o f  random 
e r r o r ,   s u c h  as ( a )  e r r o r  i n  p e n e r a t i n p  t h e  i n p u t  s i n u s o i d s ,  ( b )  
a n a l o g  n o i s e ,  a n d  ( c )  n o i s e  i n  t h e  A/D c o n v e r t e r s  are r e f l e c t e d  
i n  t h e  r e s idua l   power   spec t rum.  The l a r g e   s e p a r a t i o n   b e t w e e n  t h e  
c o r r e l a t e d  a n d  r e s i d u a l  s p e c t r a  ( a b o u t  60 d B  a t  mid - f r equenc ie s )  
shows tha t  we were h i g h l y  s u c c e s s f u l  i n  g e n e r a t i n g  i n p u t  s i g n a l s  
w h i c h  c o n t a i n e d  s i g n i f i c a n t  p o w e r  a t  s p e c i f i e d  f r e q u e n c i e s  o n l y .  
(The  f r a c t i o n  o f  t o t a l  i n p u t  power t h a t  was c o n t a i n e d  a t  f r e q u e n c i e s  
o t h e r  t h a n  t h e  s p e c i f i e d  i n p u t  f r e q u e n c i e s  was g e n e r a l l y  l ess  t h a n  
2 x 
I n  F i g u r e  A-5 w e  compare t h e  remnant  and  input -cor re la ted  por -  
t i o n s  o f  t h e  s y s t e m  e r r o r  s p e c t r u m ,  ( F i g .  A-5a) and t h e  c o n t r o l  e f f o r t  
spec t rum (F ig .  A-5b) ob ta ined  du r ing  an  expe r imen ta l  t r i a l  i n  which 
t h e  upper  l e f t  ( U L )  d i s p l a y  was v iewed   fovea l ly .  The r emnan t   po r t ions  
of t h e  e r r o r  a n d  c o n t r o l  s p e c t r a  were a t  least  1 0  dB below t h e i r  
c o r r e s p o n d i n g  i n p u t - c o r r e l a t e d  s p e c t r a  a t  t h e  high-  and  low-frequency 
A-22 
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FREQUENCY ( r o d l s e c  ) 
I 
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A-2 4 
ends of  the  measurement  range,  and the  s e p a r a t i o n  was s i g n i f i c a n t l y  
g r e a t e r  a t  mid- f requencies .  The r e l a t i v e l y  low l e v e l s   o f  t he  
r e m n a n t  s p e c t r a  allowed a v a l i d  e s t i m a t i o n  o f  t h e  human c o n t r o l l e r  
d e s c r i b i n g  f u n c t i o n  o v e r  t h e  e n t i r e  m e a s u r e m e n t  r a n g e  f o r  t h i s  
p a r t i c u l a r  r u n ,  as was the  c a s e  wi th  most o f  t h e  s i n g l e - a x i s  f o v e a l  
measurements.  The r a n g e   o f   f r e q u e n c y   o v e r   w h i c h   v a l i d   d e s c r i b i n g  
f u n c t i o n s  c o u l d  be  made g e n e r a l l y  c o n t r a c t e d  as t h e  task became 
more d i f f i c u l t  b e c a u s e  o f  the  r e l a t i v e  i n c r e a s e  i n  c o n t r o l l e r  
remnant.  
Also shown i n  F i g u r e  A-5 are t h e  r e s i d u a l  e r r o r  a n d  s t i c k  s p e c -  
t r a  measured i n  t h e  a b s e n c e  o f  t r a c k i n g  a c t i v i t y  on t h e  UL d i s p l a y .  
The r e m n a n t  s p e c t r a  are s e e n  t o  be a t  l ea s t  1 0  dB g r e a t e r  t h a n  t h e  
c o r r e s p o n d i n g  r e s i d u a l  s p e c t r a  a t  a l l  measurement  f requencies ,  
which f ac t  would seem t o  i n d i c a t e  t h a t  our remnant measurements 
are r e l i a b l e  o v e r   t h e   e n t i r e   m e a s u r e m e n t   r a n g e .  It shou ld  b e  
noted,  however ,  t h a t  t h e  r e s i d u a l  s p e c t r a  were measured w i t h  es- 
s e n t i a l l y  z e r o  a n a l o g  i n p u t  a n d  a c c o r d i n g l y  may n o t  a c c o u n t  f o r  
a l l  t h e  measurement  noise ( s a y ,  due t o  a m p l i t u d e  q u a n t i z a t i o n  
e f f e c t s )  t h a t  occu r s  when the  c o n t r o l l e r  i s  t r a c k i n g  t h a t  a x i s .  
A more c r i t i c a l  t e s t  o f  the  r e l i a b i l i t y  of  our  remnant  mea- 
surements  i s  t o  t e s t  t h e i r   s e l f - c o n s i s t e n c y .   I n  t h e  absence  of  
s y s t e m  n o i s e ,  t h e  r e m n a n t  e r r o r  s i g n a l  w i l l  b e  e q u a l  t o  t h e  remnant 
c o n t r o l  s i g n a l  f i l t e r e d  by the  vehic le  dynamics  ( i . e . ,  we assume 
t h a t  remnant i s  g e n e r a t e d   e n t i r e l y  by  t h e  human c o n t r o l l e r ) .  We 
s h o u l d  t h e n  o b s e r v e  
@xx r '@UU r 
t h a t  
= l V l 2  (A-5) 
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A comparison  of QXx / @  w i t h  l V I 2  
r uur 
t h e  two s p e c t r a  c o i n c i d e d  a t  f r e q u e n c i e s  
t h e  e r r o r / c o n t r o l  r a t i o  was c o n s i s t e n t l y  
i n  F i g u r e  A-6 shows t h a t  
above 1 rad/sec, b u t  tha t  
less t h a n  IVl a t  lower  2 
f r e q u e n c i e s .  These r e s u l t s   s u g g e s t   t h a t ,  a t  low f r e q u e n c i e s ,   o u r  
measu remen t s  e i the r  cons i s t en t ly  unde r -e s t ima ted  the  amoun t  o f  
r emnan t  e r ro r  power  o r  ove r -e s t ima ted  the  amoun t  of con t ro l  power .  
If we a t t r i b u t e  m e a s u r e m e n t  e r r o r s  t o  a d d i t i o n a l  n o i s e  s o u r c e s  
t ha t  are l i n e a r l y  u n c o r r e l a t e d  w i t h  t h e  remnant ,  we must  conclude 
t h a t  measurement  e r ror  must  have  occurred  predominant ly  on  t h e  
c o n t r o l  c h a n n e l ,  s i n c e  u n c o r r e l a t e d  n o i s e  p o w e r s  w i l l  add, ra ther  
t h a n   s u b t r a c t ,   o n  t he  ave rage .   F igu re  A - 5  conf i rms   ou r   conc lus ion  
t h a t  the  remnant  e r ror  measurements  were more r e l i a b l e  t h a n  t h e  
remnant   cont ro l   measurements  a t  low f r e q u e n c i e s ,  s i n c e  t h e  dB 
spread between remnant  and residual  power was t w i c e  as great  on 
t h e  e r r o r  c h a n n e l  t h a n  o n  t h e  c o n t r o l  c h a n n e l .  
I n  o r d e r  t o  show t h a t  t h e  human c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n s  
o b t a i n e d  by us are compat ib le  w i t h  t h o s e  t ha t  have  been  ob ta ined  
by o t h e r  i n v e s t i g a t o r s  u n d e r  similar t r a c k i n g  c o n d i t i o n s ,  a t y p i c a l  
d e s c r i b i n g  f u n c t i o n  o f  o u r s  i s  compared i n  F i g u r e  A - 7  w i t h  a descr ib-  
i n g  f u n c t i o n  p u b l i s h e d  by  Sys t em Techno logy ,  Inc .  i n  F igu re  33 of  
R e f .  1. B o t h   d e s c r i b i n g   f u n c t i o n s  were o b t a i n e d   d u r i n g   f o v e a l  
t r a c k i n g   o f  a s i n g l e   d i s p l a y  w i t h  vehic le   dynamics   o f  K/s. (The  
ST1 data h a v e  b e e n  s c a l e d  t o  c o r r e s p o n d  t o  a K of u n i t y . )  The 
f o r c i n g  f u n c t i o n s  u s e d  i n  t h e  two experiments  were d i f f e r e n t ,  
however.  ST1  used a command i n p u t  whose  spectrum was e s s e n t i a l l y  
r e c t a n g u l a r  w i t h  a c u t o f f  a t  2 .5  r a d / s e c ,  whereas we used the  
v e h i c l e  d i s t u r b a n c e  d e s c r i b e d  i n  C h a p t e r  I11 o f  t h i s  r e p o r t .  
F igu re  A - 7  shows t h a t  t h e  two d e s c r i b i n g  f u n c t i o n s  are  similar. 
The most s i g n i f i c a n t  d i f f e r e n c e  i s  t h e  somewhat h i g h e r  g a i n  
a c h i e v e d  i n  t h e  BBN e x p e r i m e n t s ,  r e s u l t i n g  i n  a h i g h e r  g a i n -  
c r o s s o v e r  f r e q u e n c y  f o r  t h e  BBN data ( abou t  6 . 5  r a d / s e c )  t h a n  
A-26 
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t h a t  exh ib i t ed   by  t h e  ST1 data ( abou t  4.5 r a d / s e c ) .  We s u s p e c t  
t h a t  t h e  d i f f e r e n c e  i n  c o n t r o l l e r  g a i n  i s  due i n  p a r t  t o  d i f fe r -  
e n c e s  i n  ( a )  the i n p u t  s i g n a l s ,  ( b )  p h y s i c a l  c h a r a c t e r i s t i c s  o f  




A P P E N D I X  B. E X P E R I M E N T A L   R E S U L T S :   M U L T I - A X I S   C O N T R O L   S Y S T E M S  
The r e s u l t s  o f  t h e  exper imenta l  p rogram on  mul t i -ax is  cont ro l  
s y s t e m  are p r e s e n t e d  i n  t h i s  appendix.  Most o f  t h e  r e s u l t s  are 
p r e s e n t e d  i n  t h e  fo rn  of a v e r a g e s   t a k e n   a c r o s s   s u b j e c t s .   A v e r a g e  
m e a s u r e s  f o r  e a c h  s u b j e c t  f o r  e a c h  e x p e r i m e n t a l  c o n d i t i o n  a re  
g iven   i n   Append ix  D. Except where o t h e r w i s e  s t a t ed ,  t h e  se t  of 
e x p e r i m e n t a l  c o n d i t i o n s  o u t l i n e d  i n  Table  A - 1  a p p l i e s  t o  e a c h  of  
t h e  expe r imen t s .  
EXPERIMENTAL PLAN 
The p r i G a r y  Foal  of  t h i s  experimental  program was t o  p r o v i d e  
a s u b s t a n t i a l  body of data which would enable u s  t o  b u i l d  a n d  v a l i -  
date  models f o r  p r e d i c t i n g  human c o n t r o l  a n d  m o n i t o r i n g  b e h a v i o r  
i n   m u l t i - a x i s   c o n t r o l   s i t u a t i o n s .  Two v a r i a t i o n s   o f  a f o u r - a x i s  
r a n u a l  t r a c k i n c  task were per formed in  which  t h e  c o n t r o l l e r  was 
a l l o w e d   t o   s c a n  among t h e  d i sp lays .   Add i t iona l   two- ,  three- ,  and 
f o u r - a x i s  tasks were i n v e s t i p a t e d  i n  w h i c h  v i s u a l  s c a n n i n g  was 
p r o h i b i t e d .  The o b j e c t   o f  these exper iments  was t o   p r o v i d e  data 
aga ins t  wh ich  mode l s  fo r  t ask  i n t e r f e r e n c e  c o u l d  be  t e s t e d  most 
r e a d i l y .  ( A  r o d e l  f o r  t ask  i n t e r f e r e n c e  i s  d e v e l o p e d   i n   S e c t i o n  3 
of  t h i s  r e p o r t ,  a n d  e x p e r i m e n t a l  v a l i d a t i o n  i s  p r o v i d e d  i n  S e c t i o n s  
4 and 5 . )  
I n  a d d i t i o n  t o  t h e  mul t i - ax i s  expe r imen t s ,  two s i n g l e - a x i s  
exper iments  were a l s o   p e r f o r m e d .  One of  these was performed t o  
e v a l u a t e  a l t e r n a t i v e  d i s p l a y  f o r m a t s  f o r  u s e  i n  t h e  mul t i - ax i s  
expe r imen t s .  The o t h e r  was a se t  o f   c a l i b r a t i o n   e x p e r i m e n t s   t o  
de te rmine  t h e  base l eve l s  o f  pe r fo rmance  unde r  each viewing  con- 
d i t i o n  employed i n  t h e  mul t i - ax i s  expe r imen t s .  
B- 1 
COMPARISON OF TWO DISPLAY FORMATS 
Exper imenta l  - Cond i t ions  
The fo l lowing  two d i s p l a y  formats  were c o n p a r e d  i n  terms of 
t h e i r  e f f e c t i v e n e s s  as t r a c k i n g  d i s p l a y s :  (1) a moving e r r o r   d o t  
a n d  s t a t i o n a r y  r e f e r e n c e  c i r c l e ,  a n d  ( 2 )  a movine e r r o r  bar and 
s t a t i o n a r y   r e f e r e n c e  bar .  Each t y p e  of d i s p l a y  was t r a c k e d  when 
viewed  foveal ly   and when l o c a t e d  30 degrees i n t o  t h e  p e r i p h e r y  
a l o n e  t h e  h o r i z o n t a l   a x i s .   M o t i o n   o f  t h e  e r r o r  i n d i c a t o r s  was i n  
t h e  v e r t i c a l  d i r e c t i o n ,  t h e r e b y  a l l o w i n g  t h e  s u b j e c t  t o  e x t r a p o -  
l a t e  a z e r o   r e f e r e n c e   t o  t h e  p e r i p h e r a l  d i s p l a y .  Only  one d i s p l a y  
was t r a c k e d   d u r i n g  a s i n g l e   e x p e r i m e n t a l   r u n .   E v e r y   s u b j e c t  
t r acked  each  d i s p l a y  tw ice  unde r  each  v i ewing  cond i t ion  - once 
w i t h  t h e  l e f t  hand  and  once w i t h  t h e  r i g h t .  Fo rc ing - func t ion  
Set A ( T a b l e  A-2)  was used,   and t h e  c o n t r o l  g a i n  was such t h a t  
1 newton  o f  s t i ck  fo rce  p roduced  a r a t e  of  error d e f l e c t i o n  o f  
4 deg/sec .  
MSE Scores  - 
T a b l e  B-1  shows tha t  t h e  subjects   achieved  lower  mean-squared 
e r r o r  s c o r e s  f o r  b o t h  t h e  fovea l  and  p e r i p h e r a l  v i ewing  cond i t ions  
when p r e s e n t e d  w i t h  t h e  bar d i s p l a y .  The d i f f e r e n c e s  were about  
1 0 %  when v iewing   fovea l ly   and   abou t  25% f o r  p e r i p h e r a l  viewing.  An 
a n a l y s i s  o f  v a r i a n c e  o f  these s c o r e s  i n d i c a t e d  t h a t  b o t h  d i f f e r e n c e s  
were s i e n i f i c a n t  a t  t h e  0 .05  l eve l .   Because   o f  t h e  s u p e r i o r  per- 
formance  achieved w i t h  t h e  bar d i s p l a y ,  t h e  bar d i s p l a y  was used 
f o r  t h e  remainder   o f  t h e  expe r imen ta l   p rog ram.   Scores   fo r   i nd iv i -  
d u a l  s u b j e c t s  are g i v e n  i n  Table D - 1  of  Appendix D .  
SINGLE-AXIS CALIBRATION EXPERIMENTS 
Exper imenta l  Condi t ions  
I n  t h i s  experiment  we o b t a i n e d  t h e  complete s e t  o f  s i n g l e - a x i s  
base l eve l  pe r fo rmance  measu res  r equ i r ed  by our model of t h e  mul t i -  
v a r i a b l e   c o n t r o l   s i t u a t i o n .  Each s u b j e c t   t r a c k e d   e a c h   o f   f o u r   a x e s  
B- 2 
TABLE B-1  
Ef fec t  of Display Format on Mean-Squared Error  Scores  
Mode of Viewing 
Display  Format P e r i p h e r a l  Fovea l  
I 
C i r c l e  , Dot 
6 3  .10 Bar, Bar 
.80 .ll 
MS e r r o r  s c o r e s  i n  d e g 2  v i s u a l  a r c .  
Average  of 4 s u b j e c t s ,  2 t r i a l s  p e r  c o n d i t i o n .  
f o r  e a c h  o f  t h e  f o u r  f i x a t i o n  p o i n t s  t o  make a t o t a l  o f  s i x t e e n  
s i n g l e - a x i s  t r i a l s .  There were f o u r   v i e w i n g   c o n d i t i o n s   a s s o c i a t e d  
w i t h  e a c h   a x i s :  ( a )  f o v e a l ,  ( b )  1 6  degrees i n t o  t h e  pe r iphe ry  
w i t h  t h e  a b i l i t y  t o  e x t r a p o l a t e  the z e r o  r e f e r e n c e ,  ( c )  1 6  degrees 
i n t o  t h e  p e r i p h e r y  w i t h  n o  r e f e r e n c e  e x t r a p o l a t i o n  p o s s i b l e ,  a n d  
( d )  2 2  d e g r e e s  i n t o  t h e  p e r i p h e r y  ( a l o n g  t h e  d i a g o n a l ) ,  a l s o  w i t h  
n o   r e f e r e n c e   e x t r a p o l a t i o n .  The f o r c i n g   f u n c t i o n s  were made iden-  
t i c a l  on a l l  axes  s o  t ha t  i n t e r a x i s  d i f f e r e n c e s  i n  t r a c k i n g  b e h a v -  
i o r  would not be induced by d i f f e r e n c e s  among f o r c i n g  f u n c t i o n s .  
MSE Scores  
The e f f ec t s  o f  r e l a t i v e  f i x a t i o n  p o i n t  o n  a v e r a g e  m e a n - s q u a r e d  
e r r o r   s c o r e s  are shown i n  T a b l e  B-2. I n t e r - a x i s   s t a n d a r d   d e v i a -  
t i o n s ,  based on t h e  sco res   ( ave raged  across s u b j e c t s )  c o r r e s p o n d i n g  
t o   e a c h   v i e w i n g   c o n d i t i o n ,  are shown i n  T a b l e  B-2a. I n t e r - s u b j e c t  
s t a n d a r d   d e v i a t i o n s  are g i v e n  i n  Table  B-2b. The l a t t e r  measures 
were computed  from t h e  s u b j e c t  means o b t a i n e d  by a v e r a g i n g  t h e  f o u r  
MSE s c o r e s   c o r r e s p o n d i n g   t o   e a c h   r e l a t i v e   f i x a t i o n   p o i n t .  Sys tem 
B-3 
TABLE B-2 
E f f e c t  of  Relat ive F i x a t i o n  P o i n t  
on Single-Axis Mean-Squared Error Scores 
a .  Average  Scores   for   Each  Axis   Tracked 









R e l a t i v e  F i x a t i o n  P o i n t  
1 6 O  P e r i p h .  22' Per iph  160 P e r i p h  
Fovea l  -" No Ref - E x t  "-. - No R e f  Ext Ref Ext . . .~ ~- - . . 
.12 
1.4 .63 .32' .14 
1.7 -73 55 
.13 1.5 1.3 45 
13 2.0 1.5 39 
1 3  1.6 1.0 43 
,0098 . 25  43 .094 
0.08 .16 . 4 2  .22 
Average of 4 s u b j e c t s ,  1 r u n  p e r  s u b j e c t .  
b .  Average   Scores   for   Each   Subjec t  
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R e l a t i v e  F i x a t i o n  P o i n t  
1 6 O  P e r i p h .  
No Ref Ext No Ref Ext Ref E x t  
22' Per iph  1 6 O  Pe r iph  
.23 * 
1.4 58 - 32 
1.1 .52 
.64 2.1 1 . 0  
52 1.9 1.3 
43 








Average  of 4 r u n s  p e r  s u b j e c t .  MS e r r o r  s c o r e s  i n  deg' of v i s u a l  a r c .  
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e r r o r  a n d  c o n t r o l  e f f o r t  s c o r e s  f o r  e a c h  s u b j e c t  f o r  e a c h  v i e w i n g  
c o n d i t i o n  are shown i n  T a b l e s  D-3 th rough D-7 of  Appendix D.  An 
expla .na t ion  of  t h e  symbol s  appea r ing  in  these  tab les  i s  g i v e n  i n  
T a b l e  D-2. 
The r a n k  o r d e r i n g  o f  t h e  tasks i n ' t e r m s  o f  mean-squared e r r o r  
s c o r e s  was, from easiest  t o  most d i f f i c u l t :  f o v e a l ,  16O s e p a r a t i o n  
w i t h  r e f e r e n c e  e x t r a p o l a t i o n ,  16O sepa ra t ion  wi th  no  r e fe rence  ex -  
t r a p o l a t i o n ,   a n d  22O s e p a r a t i o n .  The f r a c t i o n a l   d i f f e r e n c e s   i n  
scores  be tween pairs of  tasks i n  t h e  above  o rde r ing  dec reased  w i t h  
i n c r e a s i n g  task d i f f i c u l t y .  S i m i l a r l y ,  t h e  s t a t i s t i c a l   s i g n i f i c a n c e  
of t h e  d i f f e r e n c e s  (as g iven  by a n  a n a l y s i s  o f  v a r i a n c e  o f  t h e  er-  
ror s c o r e s )  d e c r e a s e d  w i t h  i n c r e a s i n g l y  d i f f i c u l t  pairs of   condi-  
t i o n s .  The eas ies t  of  t h e  p e r i p h e r a l  tasks y i e l d e d  a s c o r e  t ha t  
was about  3 .3  times t h e  f o v e a l  s c o r e  ( s i g n i f i c a n t  a t  t h e  0 . 0 0 1  
l e v e l ) .  Removal of t h e  f a c i l i t y  t o  e x t r a p o l a t e  t h e  b a s e l i n e   i n -  
c r e a s e d  t h e  s c o r e  by a n  a d d i t i o n a l  f a c t o r  o f  2 . 4 ,  a d i f f e r e n c e  
S i g n i f i c a n t  a t  t h e  0 . 0 1  l e v e l .  The sco re   ob ta ined   f rom  v i ewing  
a t  22O was about  6 0 %  g r e a t e r  t h a n  the 1 6 O ,  n o   r e f e r e n c e ,   s c o r e .  
The l a t t e r  d i f f e r e n c e  was m i n i m a l l y  s i g n i f i c a n t  a t  t h e  0 . 0 5  l e v e l .  
The r e l a t i v e l y  small i n t e r - a x i s  s t a n d a r d  d e v i a t i o n  ( less  t h a n  
1 0 %  of t h e  mean s c o r e )  a s s o c i a t e d  w i t h  f o v e a l  t r a c k i n g  i n d i c a t e s  
t ha t  t h e  s u b j e c t s  were e s s e n t i a l l y  e q u a l l y  p r o f i c i e n t  o n  t h e  f o u r  
axes  tasks under  t h i s  v i e w i n g   c o n d i t i o n .  The l a r g e r   n o r m a l i z e d  
i n t e r - a x i s  SD's  a s s o c i a t e d  w i t h  t h e  p e r i p h e r a l  tasks  may r e f l e c t  
e f f e c t s  s u c h  as t h e  up-down d i f f e r e n c e s  i n  p e r i p h e r a l  v i e w i n g  
c a p a b i l i t i e s   w h i c h  w e  found t o  e x i s t .  E x c e p t  f o r  t h e  d i a g o n a l  
v i ewing  cond i t ion ,  t h e  i n t e r - a x i s  a n d  i n t e r - s u b j e c t  s t a n d a r d  de- 
v i a t i o n s  i n c r e a s e d ,  r e l a t i v e  t o  t h e i r  co r re spond ing  mean s c o r e s ,  
w i t h  i n c r e a s i n g  task d i f f i c u l t y .  The  i n t e r - s u b j e c t  SD was cons i s -  
t e n t l y  greater  t h a n  the i n t e r - a x i s  SD f o r  e a c h  v i e w i n p  c o n d i t i o n ,  
r e f l e c t i n g  d i f f e r e n c e s  i n  o v e r a l l  t r a c k i n g  a b i l i t i e s  among s u b j e c t s .  
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TABLE B-3 
Effec t  of  Disp lay  Locat ion  on  
Single-Axis Mean-Squared Error Scores 
a .  Horizontal   Viewing,  1 6 O  Disp lay   Sepa ra t ion  
Locat ion of  Axis  Tracked 
L e f t  I Right -1 
Reference Extens ion  32 I .39 
No Reference  Extens ion  .73 I 1.3-  
b .  Ver t ica l   Viewing ,  1 6 O  Disp lay   Sepa ra t ion  
Locat ion of  Axis  Tracked 
I UP ! Down 1 
Reference Extension 54 I 45 
No Reference  Extens ion  1 .5  63 I 
c.   Diagonal   Viewing,  22' D i s p l a y  S e p a r a t i o n  
Locat ion of  Axis  Tracked 
Left  R igh t  Average 
up 1.8 2.0 1.7 
Down -" 1.7  1.6 Average 
1.4 1.5  1.4 
Average  of 4 s u b j e c t s .  MS e r r o r  s c o r e s  i n  deg2 v i s u a l  a r c .  
.~~ ~ 
The e f f e c t s  o f  d i s p l a y  l o c a t i o n  o n  a v e r a g e  pe r iphe ra l  MSE s c o r e s  
are shown i n  Table  B-3. Le f t - r igh t   and  up-down d i f f e r e n c e s  are shown 
r e s p e c t i v e l y  i n  Tables B-3a and B-3b f o r  t h e  1 6 O  viewing  angle  w i t h  
a n d   w i t h o u t   r e f e r e n c e   e x t r a p o l a t i o n .  Up-down and l e f t - r igh t  d i f f e r -  
e n c e s  f o r  22' diagonal   v iewing  are shown i n  T a b l e  B-3c. The g r e a t e s t  
l e f t - r i g h t  d i f f e r e n c e  o c c u r r e d  f o r  t h e  1 6 O  v iewing  cond i t ion  w i t h  no 
r e f e r e n c e   e x t r a p o l a t i o n .  The s c o r e   o b t a i n e d  when f i x a t i n g  l e f t  and 
t r a c k i n g  the  d i s p l a y  on t h e  right was about 75% greater  t h a n  the  Score  
o b t a i n e d  i n  t h e  r e v e r s e   c o n d i t i o n  ( T a b l e  B-3a, bot tom  row).  Why t h i s  
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i s  s o  i s  n o t  c l e a r ,  e s p e c i a l l y  s i n c e  three of t he  f o u r  s u b j e c t s  
were r ight-handed.  The largest  up-down d i f f e r e n c e   o c c u r r e d   a g a i n  
f o r  t h e  1 6 O  v iewing  cond i t ion  w i t h  n o  r e f e r e n c e  e x t r a p o l a t i o n .  
The s c o r e  o b t a i n e d  when f i x a t i n g  down and  t r ack ing  up  was almost  
2.5 times the s c o r e  o b t a i n e d  when f i x a t i n g  up a n d  t r a c k i n g  down 
(Table  B-3bY bottom row). 
The smaller l e f t - r igh t  and up-down d i f f e r e n c e s  i n  MSE s c o r e s  
which were o b s e r v e d  f o r  t h e  d i agona l  v i ewing  cond i t ions  were con- 
s i s t e n t  i n  d i r e c t i o n  w i t h  t h e  above   resu l t s .   For   example ,   Table  
B-3c shows that  the  largest  MSE s c o r e  was ob ta ined  when the  sub- 
j e c t  f i x a t e d  t h e  lower l e f t  d i s p l a y  and  t racked  t h e  upper  r i g h t ,  
whereas the  l o w e s t  s c o r e  ( f o r  d i a g o n a l  v i e w i n g )  was ob ta ined  when 
f i x a t i n g  u p p e r  r i g h t  and  t racking  lower  l e f t .  
Because  of t h e  r e l a t i v e l y  l a r g e  v a r i a n c e s  i n  t he  scores ,  an-  
a lys i s  o f  v a r i a n c e  t e s t s  fa i led  t o  a t t r i b u t e  s t a t i s t i c a l  s i g n i f i -  
cance t o  t he  l e f t - r i g h t  and up-down d i f f e r e n c e s .   N e v e r t h e l e s s ,  
because of  t h e  nonhomogeneous scanning behavior exhibited by t h e  
s u b j e c t s  i n  t h e  m u l t i a x i s  c o n t r o l  s i t u a t i o n s  ( d e s c r i b e d  l a t e r  i n  
t h i s  append ix ) ,  w e  s u s p e c t  t h a t  t h e  up-down d i f f e r e n c e s  r e f l e c t  
i m p o r t a n t  d i f f e r e n c e s  i n  t h e  s u b j e c t s '  v i e w i n g  c a p a b i l i t i e s .  
I n  o r d e r  t o  p r o v i d e  a n  o v e r a l l - p e r f o r m a n c e  m e a s u r e  t h a t  w i l l  
b e  u s e f u l  f o r  i n t e r p r e t i n g  t h e  m u l t i - a x i s  r e s u l t s  d i s c u s s e d  l a t e r  
i n  t h i s  appendix,  we show t h e  a v e r a g e  t o t a l  p e r f o r m a n c e  s c o r e  i n  
T a b l e  B-4. T h i s  measure i s  d e f i n e d  here as t h e  sum of  t h e  f o u r  
s c o r e s  ( o n e  f o v e a l  a n d  three  p e r i p h e r a l )  c o r r e s p o n d i n g  t o  f i x a t i o n  
of a s i n g l e  d i s p l a y .  S c o r e s  f o r  i n d i v i d u a l  s u b j e c t s  are g i v e n  i n  
T a b l e  D-8 of  Appendix D. The largest  t o t a l  s c o r e  on the  average  
was a c h i e v e d   f r o m   f i x a t i o n   o f  t h e  lower l e f t  d i s p l a y .  T h i s  s c o r e  
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TABLE B-4 
Effect  of F ixa t ion  Po in t  on  To ta l  Mean-Squared  Er ro r  Score  
D i s p l a y  F i x a t e d  
Right  Average 
F i x a t e d  
Average  3.2  3.1  3.2 
MS e r r o r  s c o r e s  i n  deg2 v i s u a l   a r c .   A v e r a g e   o f  4 s u b j e c t s ,  
one  score  per  s u b j e c t .  
Mode of View-iing 
16O P e r i p h  
No Ref Ext No Ref Ext Ref Ext  Foveal - 
22' P e r i p h  1 6 O  P e r i p h  
MS e r r o r ,  X 
( deg2 
E r r o r  v a r i a n c e ,  u: 
( deg2 
1 . 2  . 81  . 4 1  13  
2 2  
2 
13  1 . 6  1 . 0  43 
u ./x 78 .86 97 99 
Cor re l a t ed  e r ro r ,uGi  
Remnant e r r o r ,  
(deg2)  
27 . 2 2  . 2 0  0 9 5  




2 2  
uxr/'x 
(deg/sec 1 
7.2 6 . 1  5.5 4 .2  Con t ro l  v r i a n c e , u  
77 70 50 . 2 4  
C o r r e l a t e d  Control,a:i 3 .1  2.6  2.6 2.6 - (deg/sec)z  
Remnant C o n t r o l ,  Uur 1.1 2.9 3.5 4 .7  
(deg/sec)  
0 2  0: . 2 1  47 63 54 
9 U 
~~ ~~ ~~~ _____ 
Data a v e r a g e d  o v e r  f o u r  s u b j e c t s ,  f o u r  r u n s  per  s u b j e c t .  
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was about  1 .6  times as great as the lowes t  s co re  ( co r re spond ing  to  
f i x a t i o n  o f  the upper  l e f t  d i s p l a y ) .  Le f t - r igh t  performance d i f -  
f e r e n c e s  were on the  ave rage  on ly  abou t  5 pe rcen t  and  were n o t  
s t a t i s t i c a l l y  s i g n i f i c a n t .  On t h e  o t h e r   h a n d ,  the  ave rage   s co re  
c o r r e s p o n d i n g  t o  f i x a t i o n  o f  t h e  l o w e r  d i s p l a y s  was about  1 . 4  
times the a v e r a g e  s c o r e  when f i x a t i o n  was directed a t  t h e  upper  
d i s p l a y s .  An a n a l y s i s   o f   v a r i a n c e  showed t h i s  d i f f e r e n c e  t o  be 
s i g n i f i c a n t  a t  t h e  0.05 l e v e l .  
Analygis  of  t he  t o t a l  p e r f o r m a n c e  m e a s u r e  t h u s  r e v e a l s  t ha t  
s i g n i f i c a n t l y  b e t t e r  v i s u a l  i n f o r m a t i o n  i s  o b t a i n e d  o v e r a l l  when 
t h e  upper  d i s p l a y s  are f i x a t e d  t h a n  when the  lower  d i s p l a y s  are 
f i x a t e d .  On t h i s  basis  w e  would p r e d i c t  t ha t  t h e  s u b j e c t  would 
t e n d  t o  f i x a t e  t h e  upper  d i s p l a y s  more than the  lower d i s p l a y s  
when t r a c k i n g  t h e  f o u r  d i s p l a y s  s i m u l t a n e o u s l y ,  o t h e r  c o n d i t i o n s  
b e i n g  e q u a l .  
Comparison of the mean-squared e r r o r  s c o r e  w l t h  t h e  e r r o r  
var iance (mea-n-squared error  minus t h e  squa re  o f  t h e  mean e r r o r ) ,  
a l o n g  w i t h  a p a r t i t i o n i n g  of t h e  e r r o r  a n d  c o n t r o l  v a r i a n c e s  i n t o  
input-correlated and remnant  components ,  i s  g i v e n  i n  T a b l e  B-5.  The 
e r r o r  v a r i a n c e  was n e a r l y  i d e n t i c a l  t o  m e a n - s q u a r e d  e r r o r  f o r  f o v e a l  
v i ewing  and  fo r  pe r iphe ra l  v i ewing  w l t h  r e f e r e n c e  e x t r a p o l a t i o n ;  
t h u s ,  the mean e r r o r  was e s s e n t i a l l y  z e r o  f o r  these c o n d i t i o n s .  
When r e f e r e n c e  e x t e n s i o n  i n t o  t h e  pe r iphe ry  was n o t  p o s s i b l e ,  
however, the  e r r o r  v a r i a n c e  was s i g n i f i c a n t l y  less t h a n  t h e  mean- 
s q u a r e d  e r r o r ,  a c c o u n t i n g  f o r  o n l y  78% o f  t h e  la t ter  f o r  t h e  22' 
viewing   condi t ion .  We s u s p e c t  tha t  t h e  occurrence   o f  a s i g n i f i c a n t  
nonzero mean e r r o r  was a d i r ec t  consequence  o f  t h e  s u b j e c t ' s  I n -  
a b i l i t y  t o  e s t i m a t e  p r e c i s e l y  t h e  l o c a t i o n  o f  the  z e r o  r e f e r e n c e .  
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There was no appreciable  difference between mean-squared con-  
t r o l  movement and t h e  v a r i a n c e   o f  the  c o n t r o l  movement. The re fo re ,  
we have omit ted t he  mean-squared  cont ro l  score  f rom Tab le  B-5. Note 
tha t  when t h e  vehic le  dynamics  are K/s and the  i n p u t  has z e r o  mean, 
i t  is  n e c e s s a r y  f o r  t h e  s u b j e c t  t o  a p p l y  a c o n t r o l  s i g n a l  w i t h  z e r o  
mean i n  o r d e r  t o  m a i n t a i n  a b s o l u t e  s t a b i l i t y  o f  t h e  s y s t e m .  
The f r a c t i o n s  o f  e r r o r  a n d  c o n t r o l  v a r i a n c e  a c c o u n t e d  f o r  b y  
con t ro l l e r  r emnan t  i nc reased  mono ton ica l ly  w i t h  the  d i f f i c u l t y  o f  
t h e  b a s i c  task,  p r i m a r i l y  because t h e  remnant pcwers i n c r e a s e d .  
I n  a d d i t i o n ,  t he  i n p u t - c o r r e l a t e d  p o r t i o n  o f  t h e  c o n t r o l  v a r i a n c e  
was greatest  f o r  t he  f o v e a l  task and was about   15% less f o r  a l l  
o f  t h e  per iphera l  tasks. T h i s  t r e n d  i n  t he  c o r r e l a t e d  c o n t r o l  
power suggests  t h a t  t h e  c o n t r o l l e r  g e n e r a t e d  h i s  highest  g a i n  f o r  
foveal  viewing and a somewhat  lower  ga in  for  t h e  th ree  per iphera l  
c o n d i t i o n s .  The monotonica l ly   increas ing   remnant   power ,   on  the  
o t h e r  h a n d ,  s u g g e s t s  a m o n o t o n i c a l l y  i n c r e a s i n g  o b s e r v a t i o n  n o i s e  
p rocess  w i t h  I n c r e a s i n g  task d i f f i c u l t y .  These p r e d i c t i o n s  are 
s u b s t a n t i a l l y  b o r n e  o u t  by t h e  d e s c r i b i n g  f u n c t i o n  a n d  o b s e r v a t i o n  
noise  measurements  reported below.  
Observa t ion  Noise S p e c t r a  
Average  power s p e c t r a l  d e n s i t y  f u n c t i o n s  o f  n o r m a l i z e d  o b s e r -  
v a t i o n  n o i s e  a r e  g i v e n  f o r  t h e  f o u r  v i e w i n g  c o n d i t i o n s  i n  F i g u r e  B-1. 
Averages were o b t a i n e d  a c r o s s  s u b j e c t s  a n d  a c r o s s  a x e s  t r a c k e d ;  
t hus ,  each  measu remen t  r ep resen t s  the  a v e r a g e  o f  s i x t e e n  s p e c t r a l  
d e n s i t y  f u n c t i o n s  ( h e r e i n a f t e r  r e f e r r e d  t o  s i m p l y  as " s p e c t r a " ) .  
Normal iza t ion  i s  w i t h  r e s p e c t  t o  e r r o r  v a r i a n c e .  The s p e c t r a  as 
shown inc lude  power  conta ined  a t  n e g a t i v e  as well as p o s i t i v e  f re-  
quencies   and  have  uni ts   of   normalized  power per r ad / sec .  The data 
shown i n  F i g u r e  B-1 are p r e s e n t e d  i n  t a b u l a r  f o r m  i n  Table D-9 o f  
Appendix D. 
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I I I I 
0.05 0.1 0.2 0.5 I .o 2 
FREQUENCY (radlsec) 
F I G .  R - 1  E F F E C T  O F  V I E W I N G  C O N D I T I O N S  O N  T H E  N O R M A L I Z E D  
O B S E R V A T I O N   N O I S E   S P E C T R U M  
A v e r a g e  o f  4 s u b j e c t s ,  4 t r i a l s / s u b j e c t  
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Although there  were n o  c o n s i s t e n t  d i f f e r e n c e s  amo’ng the  f o u r  
a v e r a g e  s p e c t r a  a t  h igh  f r e q u e n c i e s ,  t h e  low-frequency  normalized 
o b s e r v a t i o n  n o i s e  i n c r e a s e d  a p p r e c i a b l y  as v i e w i n g  c o n d i t i o n s  were 
made less f a v o r a b l e .  There were no   apprec i ab le   d i f f e rences   be tween  
t h e  n o r m a l i z e d  n o i s e  p r o c e s s e s  a s s o c i a t e d  w i t h  t h e  two per iphera l  
v i ewing  cond i t ions  t ha t  d i d  n o t  pe rmi t  r e f e r e n c e  e x t r a p o l a t i o n .  
If we were t o  p l o t  t h e  a b s o l u t e  ( i . e . ,  unnorma l i zed )  obse rva t ion  
no i se  spec t r a ,  however ,  t h e  d i f f e rences  wou ld  b e  accentua ted  and  
w e  would s e e  t h a t  t he  r e l a t i o n s h i p  o f  o b s e r v a t i o n  n o i s e  t o  v i e w i n g  
c o n d i t i o n s  was c o n s i s t e n t  w i t h  t h e  r e l a t i o n s h i p  o f  t he  remnant 
e r r o r  a n d  s t i c k  s c o r e s  t o  v i e w i n g  c o n d i t i o n s .  
Table  B-6 shows tha t  the  i n t e r - a x i s  s t a n d a r d  d e v i a t i o n  of t h e  
no rma l i zed  obse rva t ion  no i se  was r e l a t i v e l y  small - gene ra l ly  on  
t h e  o r d e r   o f  1 . 0  t o  1 .5  dB a t  a given  measurement  frequency. The 
i n t e r - s u b j e c t  s t a n d a r d  d e i v a t i o n s ,  shown i n  Table  B-7,  were  about 
tw ice  as g r e a t  - around 2 . 5  t o  3 .0  dB - as might  b e  expec ted  f rom 
d i f f e r e n c e s  i n  t r a c k i n g  a b i l i t y  among s u b j e c t s .  
* 
” Desc r ib ing   Func t ions  
Average human c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n s  a r e  p r e s e n t e d  
g r a p h i c a l l y  f o r  t h e  f o u r  v i e w i n g  c o n d i t i o n s  i n  F i g u r e  B-2 a n d  a r e  
t a b u l a t e d  i n  Table D - 1 0  of  Appendix D .  As we p red ic t ed   f rom t h e  
a n a l y s i s  o f  t he  i n p u t - c o r r e l a t e d  p o r t i o n  o f  t h e  con t ro l  power ,  t he  
pr imary  d i f f e r e n c e  among t h e  d e s c r i b i n g  f u n c t i o n s  was t h e  h ighe r  
g a i n  a t  low and mid f requencies   accompanying   fovea l   v iewing .  The 
a p p r o x i m a t e  g a i n - c r o s s o v e r  f r e q u e n c i e s  f o r  f o v e a l  a n d  pe r iphe ra l  
c
Standard deviat ions were computed on t h e  same basis a s  t h e  s t a n d a r d  
d e v i a t i o n s  o f  t h e  FSE s c o r e s  g i v e n  i n  T a b l e  B-2, except  t h a t  t h e  
i n t e r - a x i s  SD was based on  observa t ion  noise  measures  obta ined  
from t h e  lower r i g h t  a x i s  o n l y .  
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TABLE B-6 
E f f e c t  o f  R e l a t i v e  F i x a t i o n  P o i n t  o n  I n t e r - A x i s  S t a n d a r d  
D e v i a t i o n s  o f  S i n g l e - A x i s . N o r m a l i z e d  O b s e r v a t i o n  N o i s e  S p e c t r a  
Computed  from  average spectra of 4 sub jec t s ,  4 r u n s / s u b j e c t  
. " . . .- ~ ~~ 
Frequency".. 
( r a d / s e c )  'pl 1 1 6 O  Sep. 220 'Sep. 160 Sep. ~ ~ ~~~ ~~ R e l a t i v e  F i x a t i o n  P o i n t  
R .e f  Ext  No Ref Ext No Ref Ext  
05 
1.1 1 . 5  1 . 3  0 . 5  .71 
2 . 1  1.1 1.6 0 - 9  50 
1.1 1 - 3  2 . 0  1.7 35 
0.6 1.6 2 . 0  1 . 2  . 25  
1 . 2  1 . 3  1.7 1 . 9  . 1 2  
1.8 . 2 . 5  3 . 1  . 1 . 4  
1.0 2 . 4  1 .9   0 .9  0.8 
1 . 5  0.9 1.1 
0 . 7  1.2 1 - 3  0 . 3  2 . 9  
0 .5  0 . 7  1 - 3  0 . 8  2 .0  
1 . 3  0.6 
~ ~~ 
4 . 0  0 .7  1 . 3  1 . 2  0 . 4  
5 . 7  0 .5  1 . 9  0 . 8  0.4 
8.0 0 . 8  0 * 7  0 . 9  0 . 5  
11 .0  
0.6 1.8 1 .7  0 . 2  22.0 
2.0  1 . 8  , 1.8 0 . 7  16 .0  
1 . 6  0 . 8  1 . 2  0 . 3  
32.0 
1 . 2  
2 . 2  0 . 8  1 . 2  0 . 7  
. . -  ~~ " ~- ~ ~~ 
Average  "0.89 
S t a n d a r d  d e v i a t i o n s  i n  dB.  
1 . 3  1 . 5  
. .. ~ 
" . " . ~ ~ 
~- 
~ . . ~ ~ ~~ - 
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TABLE B-7 
E f f e c t  o f  R e l a t i v e  F i x a t i o n  P o i n t  o n  I n t e r - S u b j e c t  S t a n d a r d  
Devia t ions  of  S ingle-Axis  Normal ized  Observa t ion  Noise  Spec t ra  
Frequency   Rela t ive  
( r a d / s e c )   F o v e a l  I 1 6 O  Sep 
I I Ref Ext 
Average 
S t a n d a r d  d e v i a t i o n s  i n  dB.  
Axis Tracked: Lower Right 
3 - 0  2.5 




1 . 4  




3 . 1  
2.5 







5 . 0  
~ 4 .6  
1.8 
2.5 





2 .7  
2 * 5  
2.6 


















0 1 6 O  PERIPHERAL,  REF. EXT. 
A 16" PERIPHERAL,   NO  REF.   EXT.  
0 2 2 "  PERIPHERAL,   NO  REF.   EXT.  
I 0.2 0.5 I .o 2 5 IO 
FREQUENCY ( r a d l s e c )  
F 1 G . R - 2   E F F E C T   O F  V I E W I N G   C O N D I T I O N S  ON  THE  UMAN 
C O N T R O L L E R ' S   D E S C R I B I N G   F U N C T I O N  
A v e r a g e  o f  4 s u b j e c t s ,  4 trials/subject 
viewing were, r e s p e c t i v e l y ,  5 and 4 rad/sec. I n  a d d i t i o n ,  a some- 
what larger phase  lag was observed  a t  h i g h  f r e q u e n c i e s  f o r  p e r i -  
phe ra l  v i ewing ,  and  t h e  th ree  p e r i p h e r a l  a m p l i t u d e - r a t i o  c u r v e s  
a p p e a r e d  t o  e x h i b i t  a resonance  peak  around 1 6  r ad / sec ,  whereas  
t h e  p e a k  f o r  f o v e a l  t r a c k i n g  was c l o s e r  t o  2 2  r a d / s e c .  
. . . .  . 
I n t e r - a x i s  s t a n d a r d  d e v i a t i o n s  o f  t h e  g a i n  a n d  p h a s e - s h i f t  
measurements are  p r e s e n t e d  i n  T a b l e  B-8,and Table  B-9 shows i n t e r -  
s u b j e c t   s t a n d a r d   d e v i a t i o n s .  The i n t e r - a x i s   g a i n   a n d   p h a s e  SD's 
were b o t h  r e l a t i v e l y  small, abou t  1-2 d B  on t h e  a v e r a g e  f o r  t h e  
gain  measurements   and  around 1 0  deg rees  on  the  a v e r a g e  f o r  p h a s e  
s h i f t .  The a v e r a g e   i n t e r - s u b j e c t   s t a n d a r d   d e v i a t i o n  was somewhat 
g rea te r  f o r  the  gain  measurements  - about  3 dB.  The s t a n d a r d  
d e v i a t i o n  i n  p h a s e  s h i f t  was g e n e r a l l y  u n d e r  1 0  degrees, a l though  
t h e  v a r i a b i l i t y  was c o n s i d e r a b l y  g r e a t e r  f o r  some o f  t h e  h i g h  
f r equency  phase - sh i f t  measu remen t s  ob ta ined  du r ing  pe r iphe ra l  
viewing w i t h  n o  r e f e r e n c e  e x t e n s i o n .  
MULTIAXIS T R A C K I N G  PERFORMANCE WITH N O  VISUAL S C A N N I N G  
Exper imenta l   Condi t ions-  
T h i s  exper iment  was d e s i g n e d  t o  d e t e r m i n e  whether o r  n o t  t h e r e  
i s  i n t e r f e r e n c e  among m u l t i p l e  tasks  performed i n  p a r a l l e l  when 
t h e  d i s p l a y s  are s e p a r a t e d ,  a n d  t o  d e t e r m i n e  t h e  na tu re  o f  such  
i n t e r a c t i o n s  as m i g h t   e x i s t .  We c o n s i d e r   " i n t e r f e r e n c e "   t o  e x i s t  
whenever a s ingle-ax is  per formance  measure  observed  on  a g i v e n  a x i s  
d i f f e r s  s i g n i f i c a n t l y  f r o m  t h e  same measure  obta ined  on  t h a t  a x i s  
when s i m u l t a n e o u s   t r a c k i n g   o f   t w o   o r  more axes  i s  r e q u i r e d .   I n  
o r d e r  t o  i s o l a t e  s u c h  i n t e r f e r e n c e  f r o m  t h e  e f f e c t s  o f  v i s u a l  
s cann ing ,  t h e  sub jec t s  were r e q u i r e d  t o  f i x a t e  a s i n g l e  d i s p l a y  
w h i l e  t r a c k i n g  two o r  more a x e s .  
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TABLE B-8 
E f f e c t  o f  R e l a t i v e  F i x a t i o n  P o i n t  on I n t e r - a x i s  S t a n d a r d  D e v i a t i o n s  o f  S i n g l e - a x i s  
Human C o n t r o l l e r  D e s c r i b i n g  F u n c t i o n s  
Computed f r o m  a v e r a g e  d e s c r i b i n g  f u n c t i o n s  o f  f o u r  s u b j e c t s ,  4 r u n s  p e r  s u b j e c t .  
F r e q u e n c y  





1 . 0  
1 . 5  
2.0 
2 - 9  
4.0 
5.7 
8 .0  
11. 




R e l a t i v e  F i x a t i o n  P o i n t  
Fovea l  
! a i n  (dB) 
0 .2  
0 . 9  
0.6  
0 .6  
1 . 0  
0.5 





1 . 6  
1 . 2  
0 . 7  - 
'base (deg 
















1 .3  
1 . 0  
2.3 
1 . 3  
1 . 3  
1 . 0  
1 . 0  
0.5 
1 - 5  



















16' Sep,  No r e f  e x t  
~~ ~ ~~~ 
?base (deg) 









1 5  
25 
1 3  
1 5  
9 
?2O Sep,  
fa in  (dB) 
- 
2.1  
1 . 4  
1 .0 
0 . 5  
1 .0  
0,3 
0 .3  
0 . 3 .  
1 . 6  
1 .5  
2 . 1  
2.6 
1 . 2  
Uo Ref Ext  
Phase(deg)  
1 2  
15 
5 





1 4  
4 




Effect  of  Relative Fixation Point on Inter-subject  Standard  Deviations of  Single-axis 
Human Controller Describing Functions 
Axis Tracked: Lower Right, One run per subject 
F r e q u e n c y  
( r a d / s e c )  
. 18  
52 
1 . 0  
1 . 5  
2 . 0  
2 .9  
4 . 0  
5 .7  
8 . 0  
11. 
1 6 .  




2 .8  
2 . 1  
2 . 5  
2 . 2  
2 . 0  
1 . 8  
1 . 4  
1 . 0  
1 . 2  
1.1 
0 .9  
3 . 6  
3 . 9  
2.0 
. 4  
4 . 0  
3 . 0  
3 . 5  
2 . 7  
3 . 2  
2 . 3  
2 . 5  
2 .8  
4 .3  
6 . 2  
1 . 4  
- 
R e l a t i v e   F i x a t i o n   P o i n t  
Foveal 
I Gain(dB) Phase(deg) 
16" Sep, - 
17  
















1 0  
8 
1 
1 5  






5 . 1  
5 . 2  
4 . 2  
3 .7  
3 . 1  
1 . 8  
1 . 8  
2 .6  
1 . 9  
1 . 9  
3.7 
4 .0  
- 
3 . 3  
No ref ext 
Phase(deg) 
1 9  
1 8  
17 




1 2  
1 3  
4 1  
6 1  
83 
- 
2 5  
1l- 




3 .8  
4 . 0  
2.7 
3 . 4  
1 . 0  
1 . 9  
1 . 9  
2 . 4  
2 . 0  













1 7  
6 3  





T h i s  experiment   can be d i v i d e d  l o g i c a l l y  i n t o  three d i s t i n c t  
' p h a s e s .   I n  t h e  f i rs t  phase ,  the  s u b j e c t   t r a c k e d   t w o   d i s p l a y s :  
o n e   f o v e a l l y  and o n e   p e r i p h e r a l l y .  T h i s  c o n d i t i o n  was i n v e s t i g a t e d  
p a r t l y  t o  complement and verify t h e  ear l ier  se t  of  exper iments  
(Ref. 4 )  a n d  p a r t l y  t o  p r o v i d e  the  most s t r a i g h t f o r w a r d  p r o c e d u r e  
f o r   i n v e s t i g a t i n g  a s i m p l e   f o v e a l - p e r i p h e r a l   i n t e r f e r e n c e .  The  
second phase of  t h i s  experiment  was p e r f o r m e d  t o  i n v e s t i g a t e  
i n t e r f e r e n c e  among p e r i p h e r a l   t a s k s   o n l y .  Three p e r i p h e r a l  d i s -  
p l a y s  were t r a c k e d   i n d i v i d u a l l y   a n d   s i m u l t a n e o u s l y .  One f o v e a l  
and three  p e r i p h e r a l  a x e s  were t r a c k e d  s i m u l t a n e o u s l y  i n  t h e  t h i r d  
phase  of  t h i s  e x p e r i m e n t  i n  o r d e r  t o  p r o v i d e  a n  i n d i c a t i o n  o f  t h e  
i n t e r f e r e n c e  t h a t  would ar ise  i n  the f o u r - a x i s  t r a c k i n g  t a s k .  
The f o u r - d i s p l a y  c o n f i g u r a t i o n  shown i n  F i g .  A-4 was used  through-  
o u t  t h i s  exper iment .   Input  Set C ( T a b l e  A - 4 )  was used ,   and  the  
e x p e r i m e n t a l  c o n d i t i o n s  were o t h e r w i s e  as shown i n  T a b l e  A - 1 .  
I n  o r d e r  t o  p r o v i d e  a t w o - a x i s  s i t u a t i o n  t h a t  was t o  a l a r g e  
e x t e n t  c o m p a t i b l e  w i t h  t h e  t w o - d i s p l a y  c o n d i t i o n s  i n v e s t i g a t e d  
. p r e v i o u s l y  ( R e f .  41,  only  t h e  c o n f i g u r a t i o n s   a l l o w i n g  pe r iphe ra l  
e x t r a p o l a t i o n   o f  t h e  z e r o   r e f e r e n c e  were i n v e s t i g a t e d .  A l l  such 
c o n f i g u r a t i o n s  were i n v e s t i g a t e d .  Each d i s p l a y  was f i x a t e d  i n  
t u r n  by e a c h  s u b j e c t ,  a n d  f o r  e a c h  f i x a t i o n  p o i n t  t h e  s u b j e c t  was 
r e q u i r e d  t o  t r a c k :  ( a )  t h e  d i s p l a y   f i x a t e d ,  ( b )  t he  p e r i p h e r a l  
d i s p l a y  l o c a t e d  i n  t he  n e a r e s t  c l o c k w i s e  p o s i t i o n ,  a n d  ( c )  t h e  
f o v e a l  a n d  p e r i p h e r a l  d i s p l a y s  s i m u l t a n e o u s l y .  
One o b j e c t i v e  o f  t h e  two-axis  no-scan experiment  was t o  de- 
te rmine  whether t h e  s u b j e c t s  w o u l d  " a t t e n d "  p r e f e r e n t i a l l y  t o  t h e  
f o v e a l  task,  as one  might  expect  from h a b i t ,  o r  whether t h e y  would 
d i s t r i b u t e  t h e i r  e f f o r t s  between t h e  two axes i n  a manner  appro- 
p r i a t e  t o  the s c o r i n g   s i t u a t i o n .  A s e c o n d   o b j e c t i v e   o f  t h i s  ex- 
per iment  was t o  de te rmine  t h e  r e l a t i o n  o f  t h e  magnitude of t h e  
B-19 
i n t e r f e r e n c e t o t h e  number o f   h a n d s   r e q u i r e d   f o r   c o n t r o l .   N o t e  
Chat two  hands were r e q u i r e d  f o r  2-axis c o n t r o l  when the  two a c t i v e  
d i s p l a y s  were a l i g n e d  h o r i z o n t a l l y ,  whereas only  one  hand opera t ing  
a s i n g l e  c o n t r o l l e r  i n  two dimensions was needed when the d i s p l a y s  
were a l i g n e d  v e r t i c a l l y .  
I n  p r e v i o u s  e x p e r i m e n t a t i o n  w i t h  a t w o - a x i s  i n t e g r a t e d  d i s p l a y  
a n d  c o n t r o l  s i t u a t i o n  (Ref. 31, w e  found a small i n t e r f e r e n c e w h i c h  
we a s c r i b e d  t o  " v i s u a l - m o t o r "  e f f e c t s .  If tha t  i n t e r f e r e n c e  had been 
due pr imar i* ly  t o  c r o s s - c o u p l i n g  e f f e c t s  a t  the  motor end, we would 
e x p e c t  t o  f i n d  a g r e a t e r i n t e r f e r e n c e w h e n  o n e  h a n d  was u s e d  f o r  
c o n t r o l  t h a n  when two  hands were used. On t h e  o the r  hand ,  if t h e  
i n t e r f e r e n c e  f o u n d  i n  t h e  prev ious  exper iment  had a r i s e n  p r i m a r i l y  
f rom mechanisms res id ing  in  t h e  v i s u a l  o r  c e n t r a l  pathways,  t h e n  
we would  expect the  r e s u l t s  o b t a i n e d  i n  t h e  two-axis  experiments  
w i t h  separated d i s p l a y s  t o  b e  independent  of  t h e  number  of  hands 
u s e d  f o r  c o n t r o l .  
I n  o r d e r  t o  r e v e a l  a n y  f u n d a m e n t a l  d i f f e r e n c e s  t h a t  might e x i s t  
be tween  in t e r f e rence  on  the  f o v e a l  a n d  per iphera l  tasks ,  i t  was 
impor t an t  t h a t  t he  s u b j e c t  a s s i g n  e q u a l  i m p o r t a n c e  t o  t h e  two tasks.  
The mean-squared  input was t h e r e f o r e  i n c r e a s e d  t o  5.8 (deg / sec )  
f o r  t h e  f o v e a l  task (as opposed t o  2 .2  ( d e g / s e c I 2  f o r  t h e  per ipheral  
i n p u t )  i n  a n  attempt t o  f o r c e  the  s ing le -ax i s  mean- squa red  e r ro r  
t o  be  approximate ly  t h e  same f o r  b o t h  f o v e a l  a n d  per iphera l  t r a c k i n g .  
Thus, i f  there  were n o i n t e r f e r e n c e , o r  i f  t h e  i n t e r f e r e n c e w e r e  
b a s i c a l l y  t h e  same f o r  b o t h  t h e  fovea l  and  per iphera l  tasks, t h e  
two tasks would c o n t r i b u t e  e q u a l l y  t o  t h e  t o t a l  p e r f o r m a n c e  s c o r e  
when t h e  two  axes were t r acked   s imul t aneous ly .  It was assumed t h a t  
t h e  s u b j e c t s  would l e a r n  t o  a s s i g n  e q u a l  s u b j e c t i v e  w e i g h t i n g s  t o  
t h e  two tasks i n  t h i s  h y p o t h e s i z e d  s i t u a t i o n  when g i v e n  s u f f i c i e n t  
t r a i n i n g .  
2 
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The t h r e e - a x i s  p e r i p h e r a l  a n d  f o u r - a x i s  n o - s c a n  e x p e r i m e n t s  
were performed i n  o r d e r  t o  r e v e a l  t h e  k i n d s  of i n t e r f e r e n c e  t ha t  
might .be e x p e c t e d  i n  t he  scanning   exper iment .   Consequent ly ,  t h e  
mean-squared  inputs  were kep t  t h e  same a t  2 . 2  (deg/sec l2   on  a l l  
a x e s  t o  p r o v i d e  c o m p a t i b i l i t y  w i t h  the  f i rs t  scanning  exper iment  
tha t  was c o n d u c t e d .   I n   o r d e r   t o   e c o n o m i z e   e x p e r i m e n t a l  time, only  
t h e  UL d i s p l a y  was f i x a t e d   t h r o u g h o u t  t h e  exper iment .   Each   subjec t  
t r a c k e d  e a c h  d i s p l a y  i n d i v i d u a l l y  twice,  t h e  f o u r  d i s p l a y s  s i m u l -  
t aneous ly  tw ice ,  and  t h e  th ree  p e r i p h e r a l  d i s p l a y s  s i m u l t a n e o u s l y  
f o u r  times (twice each f o r  t h e  second  and t h i r d  phases  of t h i s  
expe r imen t ) .  
MSE Scores  
Average mean-squared error  scores  are shown f o r  a l l  phases o f  
t h i s  e x p e r i m e n t   i n  T a b l e  B-10. I n d i v i d u a l   s u b j e c t   a v e r a g e s  a re  g iven  
i n  Tables D - 1 1  and D-12 of  Appendix D .  The column labe led  " T o t a l  
S c o r e "   i n d i c a t e s  t h e  sum of  t h e  sco res   o f  t h e  component tasks.  I n  
t h e  c a s e  of t h e  four-axis  experiment  summarized i n  par t  ( c >  o f  t h i s  
t a b l e ,  t h e  t h r e e - a x i s  p e r i p h e r a l  task i s  t rea ted  as a s i n g l e ,  com- 
p l e x  task ,  and t h e  " 1 + 3 - a x i s "  s c o r e  i n d i c a t e s  t h e  sum o f  t h e  1-ax is  
f o v e a l  a n d  t h r e e - a x i s  p e r i p h e r a l  s c o r e s .  
S t a t i s t i c a l l y  s i g n i f i c a n t  i n t e r f e r e n c e  was found i n  a l l  th ree  
v a r i a t i o n s  o f  t h i s  e x p e r i m e n t .   ( " I n t e r f e r e n c e "  i s  d e f i n e d  here as 
the  d i f f e r e n c e  b e t w e e n  t h e  s i n g l e - a x i s  a n d  m u l t i - a x i s  MSE s c o r e s . )  
Tab le  B- lOa  shows t h a t  t h e  2 - a x i s  t o t a l  s c o r e  was about  1 . 7  times t h e  
1 - a x i s   s c o r e .   I n t e r f e r e n c e   o n  t h e  f o v e a l   a n d   p e r i p h e r a l   a x e s  d i f -  
fered s l i g h t l y :  t h e  p e r i p h e r a l   s c o r e   i n c r e a s e d  by abou t  a f a c t o r  
of 2 . 0 ,  whereas t h e  f o v e a l  s c o r e  i n c r e a s e d  by a f a c t o r  o f  a b o u t  1 . 6 .  
We s u s p e c t  tha t  t h e  g r e a t e r  d e g r a d a t i o n  i n  p e r f o r m a n c e  o n  t h e  per -  
i p h e r a l  task was due p r i m a r i l y  t o  t h e  f ac t  t ha t  the  p e r i p h e r a l  task 
B-21 
TABLE B-10 
E f f e c t  o f  Number o f  Axes  Tracked  on  Average  Mean-squared Error Scores 
a .  One Fovea l   and  One P e r i p h e r a l  Task  
F o v e a l  T o t a l  S c o r e  P e r i p h e r a l  
1 -ax is   2 -ax is  2-axis  1 - a x i s  2-ax is  1 - a x i s  
3 2  - 50 95 - 55 45 .23 
b .  Three P e r i p h e r a l  Tasks 
c .  One Foveal   and  Three P e r i p h e r a l  Tasks 
F o v e a l  
4-axis 1 + 3 - a x i s  4-axis 3-ax is  4-axis  1-ax is  
T o t a l  S c o r e  Combined P e r i p h .  
.11 5 .I 4 . 1  4.8 4 . 2  * 30  
: 
MS e r r o r  s c o r e s  i n  d e g 2  v i s u a l  a r c  
Average o f  4 s u b j e c t s  
B-22 
was the  easier  task - as i n d i c a t e d  by the  1-axis  MSE s c o r e  - despite 
o u r  e f f o r t s  t o  p r o v i d e  f o v e a l  a n d  per ipheral  tasks o f  e q u a l  d i f f i -  
c u l t y .   I n t e r f e r e n c e   o n  the  f o v e a l ,  per ipheral ,  and t o t a l  s c o r e s  
was s i g n i f i c a n t  a t  t h e  0 .001  l e v e l s .  
Tab le  D - 1 1  of  Appendix D shows tha t  t h e  amount o f  i n t e r f e r -  
ence between axes was dependent on the  number o f  h a n d s  r e q u i r e d  f o r  
c o n t r o l .  The r a t l o  o f  t h e  a v e r a g e  2 - a x i s  t o t a l  s c o r e  t o  t h e  average  
1-axis t o t a l  s c o r e  was a b o u t  1 . 5  f o r  tasks r e q u i r i n g  two  hands  and 
about  2 .0  f o r  t h e  one -handed   con t ro l   con f igu ra t ion .  T h i s  d i f f e r e n c e ,  
which was s i g n i f i c a n t  a t  t he  0 .01  l e v e l ,  s u g g e s t s  t h a t  i n t e r f e r e n c e  
a t  the  moto r  l eve l  cou ld  be  reduced somewhat by a s s i g n i n g  c o n t r o l  
o f  the  component tasks t o  separate  l i m b s .  We conclude   f rom  these  
r e s u l t s  t h a t  t h e  small ( 1 0 - 1 5 % )  i n t e r f e r e n c e  o b s e r v e d  i n  t h e  ea r l i e r  
exper iments  w i t h  i n t e g r a t e d  c o n t r o l s  a n d  d i s p l a y s  were caused la rge ly  
by  i n t e r f e r e n c e  e f f e c t s  i n  t h e  motor,  ra ther  t h a n  v i s u a l ,  pathways.  
T a b l e  B - l o b  shows t h a t  the t o t a l  3 - a x i s  p e r i p h e r a l  s c o r e  was 
about  twice  t h e  sum of  t h e  th ree  i n d i v i d u a l  1-axis p e r i p h e r a l  s c o r e s .  
Th i s  d i f f e r e n c e  was S i g n i f i c a n t  a t  t h e  0 . 0 0 1  l e v e l .  The r a t i o s   o f  
3 - a x i s  s c o r e  t o  1 - a x i s  s c o r e  were q u i t e  d i f f e r e n t  f o r  t h e  t h r e e  axes 
i n d i v i d u a l l y .  The largest  s u c h   r a t i o   ( a b o u t  3 .6 )  was obse rved   fo r  
t h e  easiest  o f  t h e  pe r iphe ra l  tasks (16O viewing angle  w i t h  refer-  
e n c e   e x t r a p o l a t i o n ) .  A + a x i s ,   1 - a x i s  MSE r a t i o   o f   a b o u t   2 . 5  was 
observed f o r  t h e  16O peripheral  task w i t h  no r e f e r e n c e  e x t r a p o l a t i o n ,  
and the  smallest r a t i o  ( a b o u t  1 . 5 )  was o b s e r v e d  f o r  t h e  22' p e r i p h -  
e r a l  task. The t endency   fo r  the  largest  p r o p o r t i o n a l   i n c r e a s e   i n  
s c o r e  t o  o c c u r  o n  t h e  easiest  task has b e e n  o b s e r v e d  i n  p r e v i o u s  
expe r imen ta l  work (Ref. 3 )  and i s  c o n s i s t e n t  w i t h  the s u b j e c t ' s  
i n s t r u c t e d  task of minimizing the  t o t a l  mean-squared  e r ror  score .  
T h a t  i s ,  i f  t h e  s u b j e c t  m u s t  e f f e c t i v e l y  a p p o r t i o n  h i s  i n fo rma t ion  
p r o c e s s i n g  c a p a b i l i t y  among t h e  th ree  tasks, i t  would seem that  t h e  
o p t i m a l  s t ra tegy  I s  t o  d e v o t e  t h e  largest  p o r t i o n  o f  h i s  c a p a c i t y  t o  
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t h e  most  important  task and  a l low a r e l a t i v e l y  large i n c r e a s e  i n  
s c o r e  t o  o c c u r  o n  t h e  a x i s  t h a t  c o n t r i b u t e s  least  t o  t h e  t o t a l  
performance  measure.  The m o d e l   v a l i d a t i o n   s t u d i e s   p r e s e n t e d   i n  
S e c t i o n  4 s u p p o r t  t h i s  h y p o t h e s i s .  
Table  B-lOc shows t h a t  t h e  t o t a l  s c o r e  i n c r e a s e d  by on ly  abou t  
25% when t h e  simple fovea l  and  complex  per iphera l  tasks were per- 
formed  s imultaneously.  Th i s  d i f f e r e n c e  was s t a t i s t i c a l l y   s i g n i f i -  
c a n t  a t  t h e  0.05 l e v e l .  The largest  r e l a t i v e   p e r f o r m a n c e  degrada- 
t i o n  was o b s e r v e d  f o r  t h e  f o v e a l  task, f o r  w h i c h  the  4 -ax i s  s co re  
was about  2 . 7  times t h e  1 - a x i s   s c o r e .  The s c o r e   f o r  t h e  combined 
per ipheral  task i n c r e a s e d  by  on ly  abou t  20% upon  add i t ion  of  the  
f o v e a l  task. The d i f f e r e n c e   b e t w e e n  the  r e l a t i v e   m a g n i t u d e s   o f  
t h e  f o v e a l  a n d  pe r iphe ra l  i n t e r a c t i o n s  i s  c o n s i s t e n t  w i t h  t h e  no- 
t i o n s  of  o p t i m a l i t y  d i s c u s s e d  a b o v e .  
The MSE s c o r e s  o b t a i n e d  f r o m  the  second and t h i r d  phases o f  
t h i s  exper iment  a r e  shown a g a i n  i n  Table B-11 t o  f a c i l i t a t e  c o m p a r i -  
s o n ,  T h i s  t a b l e  shows a t  a g l a n c e  t h a t  t h e  s c o r e   o n   e a c h   a x i s   i n -  
c r e a s e d  as t h e  number of axes thatwere tracked s i m u l t a n e o u s l y  i n -  
c r e a s e d .   I n   a d d i t i o n ,  t h e  d i f f e r e n c e s   b e t w e e n  t h e  3-ax is   and   1-ax is  
s c o r e s  were c o n s i s t e n t l y  greater  t h a n  t h e  d i f f e r e n c e s  b e t w e e n  t h e  
4 -ax i s   and   +ax i s   s co res .  Table B - 1 1  shows a l s o  t ha t  t he  r a t i o s  of 
e r r o r  v a r i a n c e  t o  m e a n - s q u a r e d  e r r o r  o b s e r v e d  u n d e r  4 - a x i s  t r a c k i n g  
c o n d i t i o n s  v a r i e d  w i t h  v i e w i n g  c o n d i t i o n s  i n  a b o u t  t he  same way as 
t h e y  d i d  f o r  s i n g l e - a x i s  t r a c k i n g  ( T a b l e  B - 5 ) ,  excep t  f o r  t h e  some- 
what l o w e r   r a t i o   a s s o c i a t e d  w i t h  f o v e a l   t r a c k i n g .   T h u s ,  t h e  i n t e r -  
f e r e n c e  among a x e s  i m p l i c i t  i n  t h e  MSE s c o r e s  c a n n o t  b e  a t t r i b u t e d  
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Observa t ion  Noise  Spec t ra  and  Descr ib ing  Funct ions  
Normal i zed  obse rva t ion  no i se  spectra and human c o n t r o l l e r  
d e s c r i b i n g  f u n c t i o n s  f o r  the  first phase o f  t h i s  exper iment  (s imple 
f o v e a l - p e r i p h e r a l  i n t e r a c t i o n )  are shown i n  F i g s .  B-3 and B-4 f o r  
f o v e a l   a n d  per ipheral  t r a c k i n g ,   r e s p e c t i v e l y .  The graphs p r e s e n t e d  
i n  these f i g u r e s  r e p r e s e n t  the ave rage  pe r fo rmance  o f  fou r  sub jec t s  
when f i x a t i n g  t h e  UR d i s p l a y  a n d  t r a c k i n g  e i t h e r  t h e  UR d i s p l a y  
f o v e a l l y  , t he  LR d i s p l a y  p e r i p h e r a l l y ,  or b o t h  d i s p l a y s  s imul t an -  
eous ly   w i thou t   s cann ing .   F igu re  B-3 shows t h a t  t h e  2 -ax i s   fovea l  
o b s e r v a t i o n  n o i s e  spectrum was about  3-4 d B  greater  t h a n  the cor -  
r e spond ing   1 -ax i s   no i se   spec t rum.  The shapes o f   co r re spond ing  1- 
and 2-axis spec t ra  d i d  n o t  appear t o  d i f f e r  i n  a c o n s i s t e n t  m a n n e r .  
The 2 - a x i s  f o v e a l  d e s c r i b i n g  f u n c t i o n s  d i f f e red  from t h e  correspond-  
i n g  1 - a x i s  DF p r i m a r i l y  by  a n  o v e r a l l  d e c r e a s e  i n  a m p l i t u d e  r a t i o  
o f   abou t  2-3 dB. The t w o - a x i s   d e s c r i b i n g   f u n c t i o n   a l s o  appeared 
t o  have a s l i g h t l y  greater high-frequency phase lag and lower 
r e s o n a n t   f r e q u e n c y   t h a n  t h e  1 -ax i s  DF. F i g u r e  B-4 shows t h a t  t h e  
same k i n d s  o f  1 - a x i s ,  2 - a x i s  d i f f e r e n c e s  o c c u r r e d  o n  t h e  per ipheral  
a x i s .  
Obse rva t ion  no i ses  and  desc r ib ing  func t ions  ob ta ined  f rom a 
s i n g l e  s u b j e c t  p e r f o r m i n g  t h e  + a x i s  a n d  b a x i s  tasks are compared 
w i t h  the co r re spond ing  1 -ax i s  pe r fo rmance  measu res  in  F i g .  B-5 
th rough F i g .  B-8. An i n c r e a s e  i n  t h e  number  of  axes t o  b e  t r a c k e d  
s imul t aneous ly  had t h e  f o l l o w i n g   e f f e c t s   o n  a l l  a x e s :  ( a )  t h e  
o v e r a l l  l e v e l  of t h e  n o r m a l i z e d  o b s e r v a t i o n  n o i s e  spectrum i n c r e a s e d ,  
( b )  t h e  c o n t r o l l e r ' s  a m p l i t u d e  r a t i o  decreased, and ( c )  t h e  high-  
f requency phase lag i n c r e a s e d  s l i g h t l y .  For  t h e  most pa r t ,  t h e  
shape of  the  o b s e r v a t i o n   n o i s e  spectrum i s  u n a f f e c t e d  by t h e  num- 
ber of  a x e s   t r a c k e d .  The m o s t  n o t i c e a b l e  e x c e p t i o n  t o  t h i s  g e n e r a l -  
i z a t i o n  i s  Seen i n  F i g .  B-5a,  which  shows t h a t  t h e  1 -ax i s ,  4 -ax i s  ' 
d i f f e r e n c e s  o n  t h e  f o v e a l  a x i s  are greater  a t  f r equenc ie s  be low ga in -  
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MULTIAXIS T R A C K I N G  PERFORMANCE WITH V I S U A L  S C A N N I N G  
Exper imenta l  Condi t ions  
The o b j e c t  o f  t h i s  e x p e r i m e n t  was t o  p r o v i d e  m a n u a l  c o n t r o l  
data a g a i n s t  w h i c h  t o  tes t  models o f  human scann ing  behav io r .  
The s u b j e c t s  were r e q u i r e d  t o  t r a c k  a l l  fou r  axes  and  were al lowed 
t o   c h o o s e  t h e i r  own v i s u a l  s c a n n i n g  p a t t e r n .  Two v a r i a t i o n s   o f  
t h i s  experiment  were performed. The  mean-squared  inputs were ad- 
j u s t e d  e q u a l l y  d u r i n g  the f i rs t  p h a s e  i n  o r d e r  t o  p r o v i d e  a c o n t r o l  
environment as homogeneous as p o s s i b l e .  The MS i n p u t  was boos ted  
b y  a f a c t o r  o f  4 on t h e  lower l e f t  (LL)  a x i s  d u r i n g  t h e  second 
phase i n  a n  a t t e m p t  t o  f o r c e  t he  s u b j e c t s  t o  c h a n g e  t h e i r  s c a n n i n g  
p a t t e r n .  The s u b j e c t s   w e r e   i n s t r u c t e d   t h r o u g h o u t  t h i s  experiment  
t o  minimize t he  t o t a l  MSE s c o r e  ( g i v e n  as t h e  sum of  t h e  f o u r  com- 
ponent MSE s c o r e s ) .  
I n  a d d i t i o n  t o  t h e  scanning  exper iments ,  a set  o f  s i n g l e - a x i s  
exper iments  was p e r f o r m e d  t o  p r o v i d e  the  complete  se t  o f  s i n g l e -  
a x i s  o b s e r v a t i o n  n o i s e  m e a s u r e m e n t s  r e q u i r e d  t o  t e s t  models  of 
mu l t i - ax i s   con t ro l   and   s cann ing   behav io r .  As a s e c o n d a r y   b e n e f i t ,  
these s i n g l e - a x i s  t r i a l s  provided  measurements  which  allowed  us t o  
d e t e r m i n e  t h e  e x t e n t  t o  w h i c h  o b s e r v a t i o n  n o i s e  s c a l e s  w i t h  i n p u t  
power. The h igh - inpu t - ax i s   and   one   o f  t h e  low-input axes ( t h e  LR 
a x i s )  were e a c h  t r a c k e d  i n d i v i d u a l l y  u n d e r  e a c h  o f  t h e  four  v iewing  
c o n d i t i o n s .  
The vehic le  dynamics  were K/s on a l l  a x e s  f o r  t he  s ing le -  and  
mul t i -ax is  exper iments ,  and  a l l  i n p u t  s p e c t r a  s i m u l a t e d  a first- 
o r d e r  n o i s e  p r o c e s s  h a v i n g  a break frequency a t  2 r a d / s e c .  
B-33 
Error  and Control  Scores  
a. Single-Axis  Measures.--Average e r r o r   v a r i a n c e   s c o r e s  ob- 
ta ined  f rom the s ingle-ax is  exper iments  are shown i n  Table E-12. 
The r i g h t  column  of t h i s  t ab le  shows the  r a t i o  o f  the  high-input  
s c o r e  t o  the low-input  score.  If the  o b s e r v a t i o n  n o i s e  is b a s i c a l l y  
m u l t i p l i c a t i v e  i n  n a t u r e ,  a n d  i f  t h e  c o n t r o l l e r  i s  o t h e r w i s e  l i n e a r ,  
the  e r r o r  s c o r e  s h o u l d  s c a l e  w i t h  mean-squared i n p u t :  i n  t h i s  case ,  
by a f a c t o r  o f  4.  
Table  B-12 shows t h a t  only the  fovea l  s co re  sca l ed  approx ima te ly  
w i t h  input  power.  Th i s  s c o r e  i n c r e a s e d  by a f a c t o r  of 3 . 4 ,  as 
opposed t o  a f a c t o r  o f  4 f o r  t h e  i n p u t .  The sco re   co r re spond ing  
t o  f o v e a l  v i e w i n g  w i t h  r e f e r e n c e  e x t r a p o l a t i o n  i n c r e a s e d  by only 
a f a c t o r  o f  a b o u t  2 ,  and the remain ing  two scores  cor responding  to  
peripheral  viewing w i t h  n o  r e f e r e n c e  e x t r a p o l a t i o n  a c t u a l l y  de- 
c r e a s e d  s l i g h t l y  w i t h  a n  i n c r e a s e  i n  i n p u t  p o w e r .  (The  dec rease  
i n  the l a t t e r  two s c o r e s  was not  s t a t i s t i ca l ly  s i g n i f i c a n t ,  whereas 
t h e  f o v e a l  d i f f e r e n c e s  were s i g n i f i c a n t  a t  the 0 . 0 1  l e v e l  a n d  t h e  
p e r i p h e r a l - w i t h - r e f e r e n c e - e x t r a p o l a t i o n  d i f f e r e n c e s  were s i g n i f i c a n t  
a t  t h e  0.05 l e v e l . )  These r e s u l t s   s u g g e s t  tha t  t h e  o b s e r v a t i o n  
n o i s e  p r o c e s s e s  c o r r e s p o n d i n g  t o  pe r iphe ra l  viewing condi t ions do 
n o t  s c a l e  w i t h  i npu t  and  the re fo re  canno t  be  ascribed s o l e l y  t o  a 
m u l t i p l i c a t i v e   p r o c e s s   a c t i n g   o n  t h e  d i s p l a y e d   s i g n a l .  T h i s  con- 
c l u s i o n  i s  v e r i f i e d  f u r t h e r  on i n  this  sec t ion  th rough  examina t ion  
of  the o b s e r v a t i o n  n o i s e  s p e c t r a .  
b. Multi-Axis  Measures.--Mean-squared e r r o r   a n d   c o n t r o l   s c o r e s  
obtained from t h e  b a x i s  experiments  are p r e s e n t e d  i n  T a b l e  B-13 .  
Scores  are g i v e n  f o r  each of  the f o u r  a x e s  a n d  f o r  t h e  " t o t a l  s c o r e , "  
de f ined  as the  sum o f  t h e  sco res   ac ross   axes .   Because   o f   i n t e r -  
s u b j e c t  d i f f e r e n c e s ,  p a r t i c u l a r l y  w i t h  r e g a r d  t o  s c a n n i n g  b e h a v i o r ,  
ave rage  pe r fo rmance  l eve l s  fo r  each s u b j e c t  are  shown a long  w i t h  t h e  
a v e r a g e  f o r  a l l  performance measures computed from the  mul t i - ax i s  da ta ,  
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TABLE B-12 
Effec t  of  Mean-squared  Input  on  Error V a r i a n c e :  S i n g l e - a x i s  T r a c k i n g  
Viewing  Cond i t ions  HI/LO R a t i o  MS I n p u t   ( d e g / s e c ) '  - 
0 . 2 2  0.87 
F o v e a l  
16"  p e r i p h ,  ref  e x t  
9 0  1.2 1 . 3  ~ 2 2 "  p e r i p h ,   n o  re f  e x t  
.8a   .8a  1.0 16" p e r i p h ,   n o  ref e x t  
1 . 9  7 1  38 
.. . . .. "" - 
13 3.4 . 4 4  
I 
:-." ~ "" _____ .... ~ ~~ ~~ "_ "" 
MS e r r o r  v a r i a n c e  s c o r e s  i n  d e g '  v i s u a l  a r c  
Average of 3 s u b j e c t s ,  1 r u n / s u b j e c t  
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TABLE B-13 
Effect of  Mean-squared Input on Mean-squared Error and Mean-squared 
Control Scores 





Subject Total UR LL LR UL UR Total LL LR UL 
a. Mean-squared E r r o r  Scores (degrees’) 
b. Mean-squared Control Scores [(deg/~ec>~] 
JF 
21 7.1 4.4 5.8 3.4 HS 
33 13 6.0 7.8 6.7 GP 
14 3.4  3.5  4.5 2.8 DM 
26  6.6 5.3 7.8 6.2 
Average 4.8 6.5 4.8 7.2 24 5.1 22 
5.8 
30 5.4 3.9 
42 7.4  5.4 
33  3.5  3.5 
43 7.5 
4.6 5.9  37 
Error s c o r e s  is  degrees’ visual arc 
Average of 4 runs/subject 
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On the a v e r a g e ,  t h e  s u b j e c t s  a c h i e v e d  a b o u t  t h e  same MSE 
s c o r e s  o n  e a c h  of t h e  f o u r  a x e s  when t h e  i n p u t s  were homogeneous. 
The  l a rges t  s p r e a d  i n  s c o r e s  was be tween t h e  UR and  LR a x e s  - a 
d i f f e r e n c e  of a b o u t  1 7  p e r c e n t .  An a n a l y s i s   o f   v a r i a n c e   o f  t h e  
s c o r e s ,  w h i c h  i s  summarized i n  T a b l e  D-13 of   Appendix D, showed 
that t h i s  d i f f e r e n c e  was n o t   s t a t i s t i c a l l y   s i g n i f i c a n t .   I n t e ' r - a x i s  
d i f f e r e n c e s  among c o n t r o l  s c o r e s  was p r o p o r t i o n a l l y  g rea t e r ,  w i t h  
t h e  UR s c o r e   a b o u t  1 .5  times t h e  LH s c o r e .   T h i s   d i f f e r e n c e  was 
s i g n i f i c a n t  a t  t h e  .001 l e v e l .  
c 
T a b l e  U - 1 3  shows t h a t  t he re  were s i g n i f i c a n t  a x i s - b y - s u b j e c t  
i n t e r a c t i o n s   i n  these  s c o r e s .  We c a n   o b s e r v e  t h i . s  i n t e r a c t i o n  
from i n s p e c t i o n  o f  t h e  data t a b u l a t e d  i n  T a b l e  1 8 .  S u b j e c t  DM, 
for e x a m p l e ,  a c h i e v e d  t h e  l o w e s t  NSE s c o r e   o n  t h e  UR a x i s  a n d  t h e  
h i g h e s t  s c o r e  o n  t h e  LL a x i s ,  whereas s u b j e c t  J M  a c h i e v e d  t h e  
h i g h e s t  s c o r e  o n  t h e  UR a x i s  and t h e  l o w e s t   o n  t h e  LR a x i s .  
I n t e r - a x i s  d i f f e r e n c e s  were much more  pronounced i n  t h e  non- 
homogeneous - inpu t   expe r imen t .  A s  e x p e c t e d ,  t h e  l a r g e s t   s c o r e  was 
o b t a i n e d   o n  t h e  L L  a x i s  ( t h e  a x i s  w i t h  t h e  h i g h e r  i n p u t   p o w e r ) .  
T h e  s c o r e   o n  t h i s  a x i s  was a b o u t   t w i c e  t h e  s c o r e  t h a t  was a c h i e v e d  
on t h i s  axis  when t h e  i n p u t s  were homogeneous. T a b l e  D-13 shows 
t h a t  t h e  LL and  UR MS e r r o r  s c o r e s  were b o t h  s i g n i f i c a n t l y  d i f f e r e n t  
from t h e  LR s c o r e ,  whereas t h e  UL and LR s c o r e s  d i d  n o t  d i f f e r  s i g -  
n i f i c a n t l y .  The e r r o r   s c o r e s   r e v e a l e d   n o   s i g n i f i c a n t   a x i s - b y - s u b j e c t  
i n t e r a c t i o n s .  
We a d o p t e d  t h e  0.05 s i g n i f i c a n c e  l e v e l  as t h e  c r i t e r i o n  l e v e l  o f  
" s t a t i s t i c a l  s i g n i f i c a n c e " ;  i . e . ,  w e  r e j e c t  t h e  n u l l  h y p o t h e s i s  
if t h e  s i g n i f i c a n c e  l e v e l  i s  n u m e r i c a l l y  less t h a n  0 . 0 5 .  
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A l a r g e  a n d  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  was found 
between t h e  c o n t r o l  s c o r e s  o n  t h e  LL and LR a x e s ,  w i t h  t h e  LL 
s c o r e   a b o u t  5 times t h e  LR s c o r e .   B e c a u s e   o f   s i g n i f i c a n t  axis- 
b y - s u b j e c t  i n t e r a c t i o n s  m a n i f e s t e d  by  t h e  c o n t r o l  s c o r e s ,  t h e  
r e m a i n i n g  i n t e r - a x i s  d i f f e r e n c e s  fa i led  t h e  t e s t  o f  s i g n i f i c a n c e .  
The i n c r e a s e  i n  t h e  i n p u t  power  on t h e  LL a x i s  c a u s e d  a l l  MS 
e r r o r   s c o r e s   t o   i n c r e a s e  on t h e  ave rage .  The smallest i n c r e a s e  
was observed  on t h e  UL a x i s  (a  f a c t o r  o f  a b o u t  1.071, and t h e  
l a r g e s t  i n c r e a s e  o c c u r r e d  o n  t h e  LL a x i s  ( a  f a c t o r  o f  a b o u t  2 ) .  
The t o t a l   s c o r e   i n c r e a s e d  by abou t   1 .3 .   Ana lys i s   o f   va r i ance  t e s t s ,  
summarized i n  T a b l e  D - 1 4 ,  show t h a t  t h e  i n c r e a s e s  on a l l  axes  ex -  
c e p t  t h e  UL were s t a t i s t i c a l l y  s i g n i f i c a n t .  The l a c k   o f   s i g n i f i c a n t  
a x i s - b y - s u b  j e c t  i n t e r a c t i o n s  i c d i c a t e s  t h a t  these t r e n d s  were con- 
s i s t e n t  a c r o s s  s u b j e c t s .  
R a i s i n g  t h e  i n p u t  power had d i f f e r e n t  e f f e c t s  o n  t h e  MS c o n t r o l  
s c o r e s .  The o n l y   s i g n i f i c a n t   i n c r e a s e s  were seen   on  t h e  LL a x i s  
and  on t h e  t o t a l  s c o r e .  The LL s c o r e   i n c r e a s e d  by a f a c t o r  of 
about  3.4  (compared t o  a f a c t o r  o f  2 i n c r e a s e  f o r  t he  co r re spond ing  
e r r o r  s c o r e ) .  The  s co res   on  t h e  UL and LR axes remained  about  t h e  
same, on t h e  average ,  and  t h e  UR s c o r e  a c t u a l l y  d e c r e a s e d  t o  a b o u t  
0 . 8  times t h e  homogeneous- input   score .   S igni f icant   ax is -by-subjec t  
i n t e r a c t i o n s  were found  on a l l  b u t  t h e  LR a x i s .   T h u s ,  t h e  changes 
i n  c o n t r o l  s c o r e s  c a u s e d  b y  t h e  inc rease  o f  i npu t  power  were more 
sub jec t -dependen t  t han  t h e  c o r r e s p o n d i n g  c h a n g e s  i n  e r r o r  s c o r e s .  
The m e a n - s q u a r e d  e r r o r  s c o r e s  i n d i c a t e  tha t  t h e  s u b j e c t s  re- 
c e i v e d  r e l a t i v e l y  b e t t e r  i n f o r m a t i o n  on t h e  LL a x i s  when t h e  mean- 
squa red   i npu t   on  t ha t  a x i s  was i n c r e a s e d  from 2 . 2  t o  8 . 7  ( d e g / s e c )  , 
Had t h e  s u b j e c t s  t r a c k e d  w i t h  t h e  same e f f i c i e n c y  o n  t h a t  a x i s  f o r  
b o t h  i n p u t  c o n d i t i o n s ,  t h e  MS e r r o r  s c o r e  w o u l d  h a v e  i n c r e a s e d  by  
2 
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a f a c t o r  o f  4, ra ther  t h a n  t h e  f a c t o r  o f  a b o u t  2 t h a t  was observed  
e x p e r i m e n t a l l y .  The r e l a t i v e  improvement i n   t r a c k i n g   p e r f o r m a n c e  
on t h e  LL a x i s  c o u l d  r e s u l t  f r o m  i n c r e a s e d  f o v e a l  a t t e n t i o n  t o  t h a t  
a x i s ,  f r o m  r e l a t i v e l y  i m p r o v e d  o b s e r v a t i o n a l  c h a r a c t e r i s t i c s ,  o r  
from a combina t ion  of t h e  two.  Examination  of t h e  eye-movement 
data a n d  o b s e r v a t i o n  n o i s e  s p e c t r a  s h o w s  tha t  improved observa- 
t i o n a l  c h a r a c t e r i s t i c s  was t h e  dominan t   f ac to r .  
V i s u a l  Scanning Behavior  "--."-_I "" 
F r a c t i o n a l  d i s t r i b u t i o n s  o f  f i x a t i o n  time a re  shown i n  T a b l e  B-14 
alonp; w i t h  t h e  f r a c t i o n a l  d i s t r i b u t i o n  o f  m e a n - s q u a r e d  e r r o r  ( t h e  
l a t t e r  d e f i n e d  as t h e  mean-squared  e r ror  on  a g i v e n  a x i s  d i v i d e d  
by t h e  sum of  t h e  e r r o r  s c o r e s  on a l l  f o u r  axes) .  We n o t e  f i r s t  
of  a l l  t h a t  t h e  d i s t r i b u t i o n  o f  f i x a t i o n  time was m a r k e d l y  non- 
homogeneous  even  when t h e  i n p u t s  were homogeneous. The  U R  d i s p l a y  
was f i x a t e d  t h e  most ( 4 3 %  o f  t h e  time) and t h e  LL d i s p l a y  t h e  l ea s t  
( 1 2 %  o f  t h e  t ime) .  The upper  two d i s p l a y s  as a group were f i x a t e d  
7 1 % ,  whereas t h e  lower  two  received  only 29% f o v e a l  a t t e n t i o n .  
If t h e  c o n t r o l  task were t r u l y  homogeneous,  then an uneven 
d i s t r i b u t i o n  o f  f i x a t i o n  times would r e s u l t  i n  an uneven d i s t r i b u -  
t i o n  of m e a n - s q u a r e d   e r r o r .   S p e c i f i c a l l y ,   s i n c e  t h e  s u b j e c t s  
f i x a t e d  t h e  u p p e r  d i s p l a y s  71% of  t h e  time, we would  expect  most 
of  t h e  e r r o r   t o   o c c u r   o n  t h e  lower  two d i s p l a y s .  This was t r u e  
o n l y   f o r   s u b j e c t  DM. On t h e  ave rage ,  t h e  t o t a l  MSE s c o r e  was d i s -  
t r i b u t e d   n e a r l y   e v e n l y  among t h e  f o u r   a x e s .  On t h i s  basis  w e  i n f e r  
tha t  t h e  s u b j e c t s  m u s t  h a v e  r e c e i v e d  b e t t e r  v i s u a l  i n f o r m a t i o n  when 
f i x a t i n g  t h e  upper  d i s p l a y s  t h a n  when f i x a t i n g  t h e  lower ones.  
T h i s  c o n c l u s i o n  i s  s u p p o r t e d  by t h e  s i n g l e - a x i s  r e s u l t s ,  s u m m a r i z e d  
i n  Table E-4,  which show t h a t  t h e  t o t a l  s c o r e  c o r r e s p o n d i n p  t o  f i x a -  
t i o n  o f  t h e  upper  d i s p l a y s  was s i g n i f i c a n t l y  l o w e r  t h a n  t h e  s c o r e  
c o r r e s p o n d i n g  t o  f i x a t i o n  o f  t h e  l o w e r  d i s p l a y s .  
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TABLE B-14 
Effect of Mean-squared Input on Fractional Distributions of Fix- 
ation Time and  Mean-squared Error 
Homogeneous MSI 
~ ~ -~ - 
Non-Homogeneous MSI 
UR 
a. Fractional Distribution of Fixation Time 
* 37 
.08 -38 .52 
.11 - 39 .42 
.18 .18 .41 
.22 - 31 
- 43 .32 - 15 













JF .16 .40 .17 .28 .22 .27 .23 
r) rd 
.20 .42 - 19 .26 .21 .26 .27 HS 
.21 * 35 .18 * 34 .23 .23 * 21 GP 
.20 * 45 - 19 .18 .26 .32 .24 
Average .24 * 23 .27 I .18 .40 .19 
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I n c r e a s i n g  t h e  i n p u t  power  on t h e  LL d i s p l a y  had a n e g l i g i b l e  
e f f e c t  on t h e  ave rage   s cann ing   behav io r .  Three o f  t h e  s u b j e c t s  
s p e n t  s l i g h t l y  m o r e  time f i x a t i n g  t h e  LL d i s p l a y ,  a n d  o n e  s u b j e c t  
dec reased  h i s  f i x a t i o n  o n  t h a t  a x i s .  The  n e t  e f f e c t  was t o  i n c r e a s e  
t h e  f r a c t i o n  o f  f i x a t i o n  time on t h e  LL ax i s  f rom 0 . 1 2  t o  0.15. 
T h i s  i n c r e a s e d  a t t e n t i o n  came e n t i r e l y  a t  t h e  expense of  t h e  LR 
d i s p l a y ,  where f r a c t i o n a l  f i x a t i o n  time decreased  from  0.17 t o  
0 . 1 2 .  As w e  showed e a r l i e r ,  t h e  i n c r e a s e  i n  i n p u t  power  produced 
t h e  e x p e c t e d  t r e n d  i n  t h e  d i s t r i b u t i o n  o f  m e a n - s q u a r e d  e r r o r  s c o r e s .  
T a b l e  R-.14b shows t h a t  t h e  f r a c t i o n  o f  t o t a l  s c o r e  a t t r i b u t a b l e  t o  
t h e  LL a x i s  r o s e  t o  0 . 4 0 ,  w i t h  about  20% o f  t h e  t o t a l  e r r o r  o c c u r -  
r i n g  on  each  of t h e  r ema in ing  axes .  
The f a i l u r e  o f  t h e  change  in  inpu t  power  to  draw more f o v e a l  
a t t e n t i o n  t o  t h e  LL a x i s  sugges t s  t h a t  t h e  s u b j e c t  r e c e i v e s  rela- 
t i v e l y  b e t t e r  p e r i p h e r a l  i n f o r m a t i o n  a b o u t  t h a t  a x i s  when t h e  i n p u t  
power i s  i n c r e a s e d .  The behav io r  of  t h e  s ingle-axis   mean-squared 
e r r o r  sco res  summar ized  in  T a b l e  B-12 s u p p o r t s  t h i s  c o n c l u s i o n ,  as 
does t h e  a n a l y s i s  o f  t h e  o b s e r v a t i o n  n o i s e  s p e c t r a  p r e s e n t e d  l a t e r  
i n  t h i s  c h a p t e r .  
Mean o b s e r v a t i o n  times a n d  f i x a t i o n  f r e q u e n c i e s  f o r  e a c h  d i s -  
p l a y  are g i v e n  i n  T a b l e  B-15 .  Also shown 2s t h e  o v e r a l l   S c a n  fie- 
quency,  which i s  d e f i n e d  as t h e  number  of t r a n s i t i o n s  o f  t h e  f i x a -  
t i o n  p o i n t  p e r  s e c o n d  a n d  i s  e q u a l  t o  t h e  sum o f  f i x a t i o n  f r e q u e n -  
c i e s   o v e r  t h e  f o u r   d i s p l a y s .  The i n t e r a x i s   d i f f e r e n c e s   i n  mean 
o b s e r v a t i o n  time and  f ixa t ion  f r equency  fo l lowed  t h e  same t r e n d ,  
on t h e  a v e r a g e , a s  t h e  f r a c t i o n a l  a l l o c a t i o n  of  f i x a t i o n  time f o r  
b o t h   v a r i a t i o n s  of t h e  exper iment .  For  t h e  homogeneous- input   s i tu-  
a t i o n  t h e  largest  v a l u e  o f  e a c h  o f  these three  m e a s u r e d  q u a n t i t i e s  
was seen   on  t h e  UR a x i s .  The r a n k   o r d e r i n g   o f  the r ema in ing   axes ,  
f r o m  l a r g e s t  t o  smallest v a l u e s ,  was U R ,  UL, LL, LR f o r  a l l  th ree  
B-4 1 
TABLE B-15 
Effect of Mean-squared Input on Mean Observation Time,  Fixation 
Frequency, and Scanning Frequency 
I Homogeneous MSI Non-Homogeneous MSI Subject UL I LL I LR I UR UL I LL 1 LR I UR 
a. Mean Observation Time (sec) 
JF * 51 .80 
DM 
. 5 0  .68 Average 
* 45 - 65 HS 
39 .47 
GP 65 -78 
.57 
.62 * 53 .61  .64  861.00 
- 70 -48 .60 * 41 69 .46 
1.03 .68 .85 .81 1.02 
.42 
-96 .68 - 70 .86 .89 .61 
1.48 1.02 .73 1.58 1.00 
b. Mean Fixation Frequency (looks/sec) 
JF - 33 .20 .26 39 .36  .25 .24 .44 
DM 
* 30 - 09 .11 .21 * 50 .29 .26 - 33 HS 
.63 .44 - 31  43 .64 .56 35 .44 
GP -70 .11 .18 .61 .48 . I 5  .14 .44 
Average .49 .21 .22 .41 .50 31 .22 .41 
c. Scan Frequency (looks/sec) 
JF 1.18 1.29 
D PI 
0.74 1.38 HS 
1.60 1.21 GP 
1.81 1.99 
Average 1.47  1.33 
R-42 
q u a n t i t i e s .  The o v e r a l l   a v e r a g e   s c a n   f r e q u e n c y   d e c r e a s e d   f r o m  
1.47 t o  1.33 looks / sec  when t h e  LL i n p u t  was i n c r e a s e d .  The reader 
s h o u l d  n o t e  tha t  t he re  were wide i n t e r - s u b j e c t  v a r i a t i o n s  i n  t h e  
m e a s u r e m e n t s  r e l a t i n g  t o  s c a n n i n g  b e h a v i o r ,  as shown i n  T a b l e s  E-14 
and B-15. 
I n c r e a s e  o f  the  LL i n p u t  p o w e r  p r o d u c e d  a n  i n c r e a s e  i n  mean 
o b s e r v a t i o n  time on  a l l  axes .  The l a r g e s t  r e l a t i v e  i n c r e a s e  oc- 
cur red  on  t h e  LL a x i s  ( f r o m  0 .50  t o  0.70 s e c  - a f a c t o r  o f  1.41, 
whereas t h e  l o w e s t  r e l a t i v e  i n c r e a s e s  o c c u r r e d  o n  t h e  UL and LR 
axes   (about  a f a c t o r  o f  1.1). The mean f i x a t i o n   f r e q u e n c i e s  were 
b a s i c a l l y  u n c h a n g e d  f o r  t h ree  axes  and decreased by abou t  1/3 on 
t h e  LR a x i s .  
Observa t ion  "-I" "__ Noise "_ " S p e c t r a  _ _  "_" and  Descr ib ing   Funct ions  -____ 
a.  Single-Axis  Measures.--We i n f e r r e d  from t h e  s i n g l e - a x i s  
mean- squa red  e r ro r  s co res  t ha t  obse rva t ion  no i se  power  was n o t  
l i n e a r l y  re la ted  t o  i n p u t  power  under pe r iphe ra l  v i ewing  cond i t ions .  
Examination of t h e  o b s e r v a t i o n  n o i s e  s p e c t r a  c o n f i r m s  t h i s  conc lus ion .  
F igu re  B-9 cornpares , for  each  v iewing  condi t ion ,  the  o b s e r v a t i o n  n o i s e  
s p e c t r a  o b t a i n e d  w i t h  mean-squared  inputs   of  2 . 2  and 8 .7  (deg / sec )  . 
These s p e c t r a  a re  un-normal ized  and  have  uni t s  of  e r ror  power  p e r  
r a d / s e c .  
2 
I f  t h e  obse rva t ion  no i se  power  were t o  s ca l e  w i t h  input  power ,  
we would  expect t h e  s p e c t r u m  c o r r e s p o n d i n g  t o  the  larger i n p u t  t o  
be 6 dB above t h e  s p e c t r u m  c o r r e s p o n d i n g  t o  t h e  l o w e r  i n p u t  f o r  each 
v iewing  cond i t ion .  F igu re  B-ga shows t h a t  t h i s  r e l a t i o n  h e l d  f o r  
fovea l   v i ewing .  On the  o t h e r   h a n d ,   F i g s .  E-9b through B-gd, which 
show the  p e r i p h e r a l  o b s e r v a t i o n  n o i s e  s p e c t r a ,  r e v e a l  no c o n s i s t e n t  
d i f f e r e n c e s   c a u s e d  by t h e  change i n   i n p u t   p o w e r .  It t h u s   a p p e a r s  
t h a t  t h e  p r i m a r y  e f f e c t  of p l a c i n g  a d i s p l a y  i n  t h e  p e r i p h e r y  i s  t o  
i n t r o d u c e  a n  o b s e r v a t i o n a l  n o i s e  p r o c e s s  t h a t  i s  fundamen ta l ly  an  
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A v e r a g e  o f  3 s u b j e c t s ,  1 t r i a l / s u b j e c t  
B-44 
The o b s e r v a t i o n  n o i s e  s p e c t r a  are shown a g a i n  i n  F i g .  B-10 
t o  i l l u s t r a t e  d i r e c t l y  t he  d i f f e r e n c e s  b e t w e ' e n  f o v e a l  a n d  p e r i p h e r a l  
o b s e r v a t i o n   n o i s e   s p e c t r a .   S p e c t r a   c o r r e s p o n d i n g   t o   a n   a x i s   h a v i n g  
the smaller mean-squared input  are shown i n  F i g .  B- loa ;  spec t ra  
from t h e  a x i s  w i t h  the high i n p u t  l e v e l  are g i v e n  i n  F i g .  B - l o b .  
A comparison  of these two se t s  o f  cu rves  reveals tha t  f o v e a l - p e r i -  
p h e r a l  d i f f e r e n c e s ,  e s p e c i a l l y  a t  low f r e q u e n c i e s ,  were subs t an -  
t i a l l y  g r e a t e r  on t h e  a x i s  w i t h  t h e  l o w e r   i n p u t .  We i n t e r p r e t  t h i s  
r e s u l t  as i n d i c a t i n g  t h a t  t h e  c o n t r o l l e r  has r e l a t i v e l y  more t o  g a i n  
by l o o k i n g  a t  one  of  the  low- inpu t  axes  fovea l ly  than  by f i x a t i n g  
t h e  h i g h - i n p u t   a x i s .   ( E q u i v a l e n t l y ,  he has more t o  l o s e  by observ-  
i n g  t h e  low- inpu t  ax i s  p e r i p h e r a l l y  t h a n  by  obse rv ing  t h e  h igh - inpu t  
a x i s   p e r i p h e r a l l y . )  The f a c t  t ha t  t h e  s u b j e c t s  d i d  no t   r educe  t h e i r  
f r a c t i o n a l  f i x a t i o n  t ime on t h e  LL a x i s  when t h e  MS i n p u t  t o  t h a t  
a x i s  was i n c r e a s e d  i n d i c a t e s  t h a t  t h e  improved   per iphera l   in forma-  
t i o n  on t h a t  a x i s  was o f f s e t  by t h e  inc reased  impor t ance  o f  t h a t  
a x i s  w i t h  r e s p e c t  t o  i t s  c o n t r i b u t i o n  t o  t h e  t o t a l  p e r f o r m a n c e  
s c o r e .  
The t r e n d  i n  t h e  obse rva t ion  no i se  measu remen t s  was v e r i f i e d  
by  t h e  s u b j e c t i v e   i m p r e s s i o n s   o f  the  s u b j e c t s .   W i t h o u t  f i rs t  in -  
forming them of  t h e  resu l t s  o f  our eye-movement measurements,  w e  
asked t w . 0  of t h e  s u b j e c t s  whether or no t  t h e y  s p e n t  more t ime f i x -  
a t i n g  t h e  LL a x i s  when t h e  i n p u t  was i n c r e a s e d .  They r e p l i e d  t h a t  
t h e y  d i d  n o t ,  b e c a u s e  ( a )  t h e y  cou ld  see t h e  s i g n a l  o n  the  LL d i s -  
p l a y  well  enough  pe r iphe ra l ly  when the  i n p u t  was i n c r e a s e d ,  a n d  
( b )  when t h e y  d i d  f i x a t e  t h e  LL d i s p l a y ,  t h e y  had d i f f i c u l t y  e s t i -  
mat ing  t h e  s i g n a l s  o n  t h e  r e m a i n i n g  d i s p l a y s .  
B-45 
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The e f f e c t s  o f  v i e w i n g  c o n d i t i o n s  o n  the  p i l o t ' s  d e s c r i b i n g  
f u n c t i o n  are shown i n  F i g .  B-11. Because  of t h e  s imilar i ty  of t h e  
d e s c r i b i n g  f u n c t i o n s  c o r r e s p o n d i n g  t o  p e r i p h e r a l  v i e w i n g  o f  a g i v e n  
d i s p l a y ,  o n l y  t h e  22O p e r i p h e r a l  d e s c r i b i n g  f u n c t i o n  i s  compared 
w i t h  t h e  f o v e a l  d e s c r i b i n g  f u n c t i o n  f o r  each of  the  two MSI condi- 
t i o n s .   F o v e a l - p e r i p h e r a l   d i f f e r e n c e s  d i f f e r  somewhat f o r  the  two 
i n p u t  c o n d i t i o n s .  As we w o u l d   e x p e c t   f r o m   t h e   t r e n d   i n  t h e  observa-  
t i o n  n o i s e  s p e c t r a ,  t h e  o v e r a l l  d i f f e r e n c e  b e t w e e n  f o v e a l  a n d  p e r i -  
pheral  g a i n  was s l i g h t l y  less on the  h i g h - i n p u t   a x i s .  On the  o t h e r  
h a n d ,  f o v e a l - p e r i p h e r a l  d i f f e r e n c e s  i n  p h a s e  s h i f t  a p p e a r  t o  be  abou t  
t h e  same on both axes over  most  of  t h e  measurement  band. 
b .  Multi-Axis ~~ Measures.--We have performed only a pre- 
l i m i n a r y  a n a l y s i s  o f  t h e  o b s e r v a t i o n  n o i s e  s p e c t r a  a n d  human c o n t r o l -  
l e r  d e s c r i b i n g   f u n c t i o n s   f o r  the  4 -ax i s   s cann ing   expe r imen t s .   In  
F ig .  B-12a w e  p r e s e n t  a sample no rma l i zed  obse rva t ion  no i se  spec t rum 
w h i c h  r e p r e s e n t s  t h e  ave rage  of t h e  spec t ra  measured  on  t h e  LL and 
UR axes  du r ing  the  4 -ax i s  s cann ing  expe r imen t  w i t h  homogeneous i n p u t s .  
Averages   have   been   t aken   ove r   sub jec t s  J F  and H S .  S i n g l e - a x i s  ob- 
s e r v a t i o n  n o i s e  s p e c t r a  c o r r e s p o n d i n g  t o  f o v e a l  a n d  22O p e r i p h e r a l  
viewing are  shown f o r   c o m p a r i s o n .  A similar s i n g l e - a x i s ,   m u l t i - a x i s  
comparison of t h e  c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n s  i s  shown i n  Fig.B-12b. 
The shape o f  t h e  m u l t i - a x i s  o b s e r v a t i o n  n o i s e  s p e c t r u m  a p p e a r s  t o  be  
similar t o  the  s i n g l e - a x i s  f o v e a l  s p e c t r u m ,  w i t h  perhaps  a somewhat 
lower b r e a k  frequency,   and has an  asymptot ic  low-f requency  leve l  that  
i s  about  midway between t h e  f o v e a l  a n d  p e r i p h e r a l  l e v e l s .  The m u l t i -  
a x i s  d e s c r i b i n g  f u n c t i o n ,  o n  the  o t h e r  h a n d ,  resembles v e r y  c l o s e l y  
t h e  s i n g l e - a x i s  per ipheral  r e su l t s .   Compar i son   o f  t h e  m u l t i - a x i s  
r e s u l t s  t o  t h e  s i n g l e - a x i s  f o v e a l  r e s u l t s  r e v e a l s  a c o n s i s t e n t  t r e n d ;  
t ha t  i s ,  a n  i n c r e a s e  i n  o b s e r v a t i o n  n o i s e  i s  accompanied by d e c r e a s e  
i n  a v e r a g e  c o n t r o l l e r  g a i n .  
E-47 
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S U M M A R Y  OF RESULTS 
An i n i t i a l  e x p e r i m e n t  was p e r f o r m e d  t o  d e t e r m i n e  t h e  r e l a t i v e  
merits o f  a n  e r r o r  bar, r e f e r e n c e  b a r - t y p e  o f  d i s p l a y  p r e s e n t a t i o n  
v e r s u s   a n   e r r o r   d o t ,   r e f e r e n c e   c i r c l e   p r e s e n t a t i o n .   M e a n - s q u a r e d  
e r r o r  s c o r e s  were found t o  be  s i g n i f i c a n t l y  less f o r  the  bar p res -  
e n t a t i o n ,  e s p e c i a l l y  when t h e  d i s p l a y  was v i e w e d  p e r i p h e r a l l y .  
Consequent ly ,  the  bar p r e s e n t a t i o n  was used  throughout  t h e  remainder  
of  the  exper imenta l  p rogram.  
A f u l l  s e t  o f  s i n g l e - a x i s  t r i a l s  was per formed for  each  sub-  
j e c t .  The r a n k   o r d e r i n g   o f  task d i f f i c u l t y ,  as i n d i c a t e d  by t h e  
mean- squa red  e r ro r  s co re ,  was, from eas ies t  t o  most d i f f i c u l t :  
( a )  t h e  f o v e a l  task, ( b )  1 6 O  p e r i p h e r a l   v i e w i n g  w i t h  t h e  a b i l i t y  
t o  e x t r a p o l a t e  a z e r o  r e f e r e n c e ,  ( c )  16' v iewing   w i th   no   r e fe rence  
e x t r a p o l a t i o n  p o s s i b l e ,  a n d  ( d )  22O viewing w i t h  n o  r e f e r e n c e  
e x t r a p o l a t i o n .   O v e r a l l ,   t h e   p e r f o r m a n c e   s c o r e  was less  when t h e  
u p p e r  d i s p l a y s  were f i x a t e d  t h a n  when t h e  l o w e r  d i s p l a y s  were 
f i x a t e d ,  i n d i c a t i n g  t h a t  b e t t e r  v i s u a l  i n f o r m a t i o n  c o u l d  b e  o b t a i n e d  
when t h e  s u b j e c t   f i x a t e d  t h e  uppe r   d i sp l ays .   Apprec iab le   nonze ro  
mean e r r o r  was measured when p e r i p h e r a l  d i s p l a y s  were t r a c k e d  w i t h -  
o u t  b e n e f i t  o f  r e f e r e n c e  e x t r a p o l a t i o n ,  p r e s u m a b l y  b e c a u s e  t h e  
b a s e l i n e  p r e s e n t  o n  t h e  p e r i p h e r a l  d i s p l a y  t e n d e d  t o  d i s a p p e a r  
s h o r t l y  a f t e r  p e r i p h e r a l  v i e w i n g  was i n i t i a t e d .  
Changes i n  t h e  c o n t r o l l e r ' s  e q u i v a l e n t  n o r m a l i z e d  o b s e r v a t i o n  
n o i s e  s p e c t r u m  c o r r e s p o n d e d  t o  c h a n g e s  i n  t h e  e r r o r  s c o r e s ;  t h e  
low-f requency  por t ion  of  t h e  s p e c t r u m  i n c r e a s e d  as t h e  t a s k  d i f f i -  
c u l t y  was i n c r e a s e d .   C o n t r o l l e r   g a i n   d e c r e a s e d  as t h e  d i s p l a y  was 
moved from the  f o v e a  t o - t h e  p e r i p h e r y ,  a n d  t h e  phase l a p  a t  h i g h  
f r e q u e n c i e s   i n c r e a s e d .  There were n e g l i g i b l e   d i f f e r e n c e s  amonp 
t h e  d e s c r i b i n g  f u n c t i o n s  c o r r e s p o n d i n g  t o  t h e  t h r e e  p e r i p h e r a l  
v i ewing  cond i t ions .  
B-5 0 
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A se t  of 2-, 3-, and  4 -ax i s  expe r imen t s  w i thou t  v i sua l  s cann ing  
a l l  showed task i n t e r f e r e n c e ,  The two-ax f s   fovea l -pe r iphe ra l  task 
showed a n  i n c r e a s e  i n  t o t a l  s c o r e  o f  a b o u t  1 . 7  when t h e  two axes 
were t r a c k e d   s i m u l t a n e o u s l y .   S l i g h t l y  more t h a n  h a l f  of t h i s  i n -  
c r ease   occu r red   on  t h e  p e r i p h e r a l   a x i s .   O b s e r v a t i o n   n o i s e   i n c r e a s e d  
abou t  3-4 d B  o n  b o t h  a x e s ,  a n d  b o t h  c o n t r o l l e r  g a i n s  decreased by 
abou t  2-3 dB. S i n c e  t h e  i n p u t   l e v e l s  were a d j u s t e d  s o  t h a t  t h e  
f o v e a l  a n d  p e r i p h e r a l  tasks wou ld  con t r ibu te  approx ima te ly  e q u a l l y  
t o  the  t o t a l  s c o r e ,  w e  conclude  from these r e s u l t s  t h a t  t h e r e  i s  
no  fundamen ta l  d i f f e rence  be tween  in t e r f e rence  on  a f o v e a l  t a s k  
a n d   i n t e r f e r e n c e  on a p e r i p h e r a l  task.  The i n t e r f e r e n c e  was s ig-  
n i f i c a n t l y  g rea te r  when t h e  two  axes had t o  b e  c o n t r o l l e d  by  a 
s i n g l e  h a n d  t h a n  when two  hands were used .  
The three-  and  fou r -ax i s  tasks a l s o  e x h i b i t e d  i n t e r f e r e n c e ,  
w i t h  t h e  l a r g e s t  p e r c e n t a g e  i n c r e a s e  i n  MSE s c o r e  p e r  a x i s  decreas- 
i n g  w i t h  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  t h e  component  score t o  t h e  
t o t a l   pe r fo rmance   measu re .  (No a t t e m p t  was made t o   e q u a l i z e   t h e  
component  scores i n  these expe r imen t s . )  S i m i l a r l y ,  the  o b s e r v a t i o n  
n o i s e  l e v e l  i n c r e a s e d ,  a g a i n  w i t h  t h e  l a rges t  i n c r e a s e  o c c u r r i n g  
on t h e  a x i s  w h i c h  c o n t r i b u t e d  least  t o  t h e  t o t a l  p e r f o r m a n c e  s c o r e  
( i . e . ,  t h e  f o v e a l   a x i s ) .   C o n t r o l l e r   g a i n   a l s o   d e c r e a s e d ,   b u t  t h e  
decrease was approximate ly  the same on a l l  a x e s .  The appa ren t  
tendency  of  t h e  s u b j e c t  t o  m i n i m i z e  t h e  e f f e c t s  o f  i n t e r f e r e n c e  o n  
t h e  more impor t an t  tasks s u g g e s t s  a phenomenon a k i n  t o  a n  o p t i m a l  
a l l o c a t i o n  o f  a t t e n t i o n  among t h e  f o u r  a x e s .  
Two sets  o f  fou r -ax i s  expe r imen t s  w i t h  v i s u a l  s c a n n i n g  per- 
m i t t e d  were conducted:   one w i t h  t h e  mean-squared  inputs  t h e  same 
on a l l  axes and  one w i t h  t h e  l o w e r - l e f t  ( L L )  mean-squared  input  
quadrupled .  Nonhomogeneous d i s t r i b u t i o n   o f   f i x a t i o n  t ime was ob- 
served  under  homogeneous as w e l l  as nonhomogeneous i n p u t  c o n d i t i o n s .  
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Even  when the  i n p u t s  were homogeneous, t h e  s u b j e c t s  f i x a t e d  t h e  
u p p e r  t w o  d i s p l a y s  c o l l e c t i v e l y  a b o u t  71% o f  t h e  time; y e t ,  the  
mean-squared e r r o r  s c o r e s  were about  the same on   each   ax i s .  This 
scann ing  behav io r  is c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s ,  based on the 
s i n g l e - a x i s  MSE s c o r e s ,  tha t  t h e  s u b j e c t s  o b t a i n  be t te r  v i s u a l  i n -  
f o r m a t i o n  o v e r a l l  when f i x a t i n g  t h e  upper  d i s p l a y s  t h a n  when f i x a -  
t i n g  the  lower ones.  
I n c r e a s i n g  the  LL mean-squared input  caused t h e  e r r o r  s c o r e s  
on a l l  a x e s  t o  i n c r e a s e ,  w i t h  t h e  largest  i n c r e a s e  o c c u r r i n g  o n  
t h e  LL a x i s ,  as expec ted .  The average   scan   f requency   decreased  
s l i g h t l y ,  w i t h  t h e  r e s u l t  t h a t  mean o b s e r v a t i o n  times were i n c r e a s e d  
from 1 0  t o  40 p e r c e n t .  The i n c r e a s e  i n  i n p u t  power d i d  not ,   however ,  
c a u s e  t h e  s u b j e c t  t o  d e v o t e  a p p r e c i a b l y  more time f i x a t i n g  t h e  LL 
a x i s .  
A se t  o f  s i n g l e - a x i s  e x p e r i m e n t s  was performed,  one w i t h  t h e  
lower mean-squared input  and one w i t h  t h e  larger ,  t o  c o m p l e t e  t h e  
s e t  of  measurements  needed for  a model o f  m u l t i - a x i s  c o n t r o l  be- 
hav io r  and  also t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  i n p u t  p o w e r  o n  t h e  
obse rva t ion   no i se   spec t rum.  The r e s u l t i n g  MSE s c o r e s ,   o b s e r v a t i o n  
n o i s e  m e a s u r e m e n t s ,  a n d  c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n s  a l l  show 
tha t  the  s u b j e c t s  r e c e i v e d  b e t t e r  pe r iphe ra l  i n f o r m a t i o n  when t h e  
MSI was i n c r e a s e d .  The r e l a t i v e  improvement i n  per iphera l  informa- 
t i o n  was a p p a r e n t l y  e n o u g h  t o  o f f s e t  t h e  i n c r e a s e  i n  i m p o r t a n c e  o f  
the LL task when t h e  LL i n p u t  was i n c r e a s e d  s o  t h a t  there  was l i t t l e  
change i n  t h e  c o n t r o l l e r ' s   s c a n n i n g   b e h a v i o r .  The f a i l u r e  o f  t h e  
p e r i p h e r a l  o b s e r v a t i o n  n o i s e  l e v e l s  t o  i n c r e a s e  w i t h  i n c r e a s i n g  MSI 
s u g g e s t s  tha t  per iphera l  n o i s e  r e p r e s e n t s  a p rocess  t h a t  i s  funda- 
m e n t a l l y  a n  a d d i t i v e  p r o c e s s  ( u n l i k e  f o v e a l  o b s e r v a t i o n  n o i s e ,  
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Our  experiments w i t h  vehic le  dynamics  of K ,  K/s, and K/s2 con- 
s i s t e n t l y  h a v e  y i e l d e d  o b s e r v a t i o n  n o i s e  r a t i o s  o n  t h e  o r d e r  o f  
-20 d B  f o r  f o v e a l  v i e w i n g  o f  t h e  d i s p l a y  (see Refs. 9 and 6 and 
S e c t i o n  3 of t h i s  r e p o r t ) .  The o b s e r v a t i o n  n o i s e  r a t i o  o f  -26 dB 
o b t a i n e d  w i t h  t h e  unstable   dynamics K/s(s-A), (see S e c t i o n  4 )  was 
i n c o n s i s t e n t  w i t h  these p r e v i o u s  r e s u l t s .  I n  a n  a t t e m p t  t o  determ- 
i n e  why the  l o w e r  o b s e r v a t i o n  n o i s e  r a t i o  a s s o c i a t e d  w i t h  t h e  un- 
s t ab le  dynamics was so  much smaller t h a n  e x p e c t e d ,  we conducted  an  
expe r imen t  i n  wh ich  t h e  same se t  of s u b j e c t s  t r a c k e d  u n s t a b l e  a n d  
s t a b l e  v e h i c l e  d y n a m i c s  i n  t h ree  d i f f e r e n t  e x p e r i m e n t a l  t r i a l s .  
The vehic le  dynamics  were of the  form 
K v = '-(" s s - h  
E x p e r i m e n t a l   v a r i a b l e s  were: ( a )  t h e  degree of v e h i c l e   i n s t a b i l i t y  
A and ( b )  t h e  p o i n t  o f  a p p l i c a t i o n  o f  t h e  i n p u t  f o r c i n g  f u n c t i o n .  
The s u b j e c t  was d i s p l a y e d  a s i n g l e  q u a n t i t y ,  t h e  s y s t e m  e r r o r  x ( t > ,  
th roughout  t h i s  s e t  of  expe r imen t s .  
D i a g r a m  o f  t h e  t h r e e  expe r imen ta l  tasks are shown i n  F i g .  C-1; 
e x p e r i n e n t a l  parameters are  t a b u l a t e d  i n  T a b l e  C-1. Task  A was a 
r e p l i c a t i o n  o f  t h e  1 - i n d i c a t o r  d i s p l a y  c o n d i t i o n  d i s c u s s e d  i n  S e c -  
t i o n  4 e x c e p t  f o r  a change i n  c o n t r o l  s e n s i t i v i t y  t h a t  i s  d i s c u s s e d  
below. Task  C r e p l i c a t e d  a c o n t r o l   s i t u a t i o n   s t u d i e d   p r e v i o u s l y  
(Ref. 6 ) i n  which t h e  vehic le   dynamics  were K/s2 and t h e  i n p u t  was 
a p p l i e d  as a d i s t u r b a n c e  t o  v e h i c l e  v e l o c i t y ,  ra ther  t h a n  t o  v e h i c l e  
a c c e l e r a t i o n .  T h i s  task i s  r e p r e s e n t a t i v e   o f   t h o s e  t ha t  y i e l d e d  
-20 d B  o b s e r v a t i o n  n o i s e  r a t i o s .  S i n c e  tasks A and C d i f f e red  two 
ways ( i n s t a b i l i t y  a n d  i n p u t  i n j e c t i o n  p o i n t ) ,  w e  n e e d e d  a n  a d d i t i o n a l  
c -1  
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Parameter Values for  the  Second  Experiment 























Experimental  Conditions: 
A .  V=K/s(s-1), acceleration input 
B. v=K/s', acceleration  input 









i n t e r m e d i a t e  task which would d i f f e r  from each of these two i n  
only one respect  s o  t h a t  we c o u l d  l o c a l i z e  t he  cause  of  any  per- 
f o r m a n c e   d i f f e r e n c e s  t ha t  might be  observed.   Hence,  we chose  as 
task B,  a n e u t r a l l y  s t ab le  v e h i c l e  (K/s ) w i t h  t h e  i n p u t  a p p l i e d  
as a n   a c c e l e r a t i o n   d i s t u r b a n c e .  (We d i d  n o t   i n v e s t i g a t e  the a l -  
t e r n a t e  i n t e r m e d i a t e  c o n d i t i o n  of uns tab le  dynamics  w i t h  a v e l o c i t y  
d i s t u r b a n c e . )  
2 
I n i t i a l l y ,  we attempted t o  u s e  t h e  same c o n t r o l  s e n s i t i v i t y  
t h a t  was used i n  t h e  p r i o r  e x p e r i m e n t  w i t h  u n s t a b l e  c o n t r o l  d y n a m i c s ,  
bu t  t h e  sub jec t s  compla ined  tha t  t he  sys tem was n o t  s u f f i c i e n t l y  
s e n s i t i v e   f o r   a d e q u a t e   c o n t r o l   o f   c o n d i t i o n  C .  Accord ingly ,  t h e  
o v e r a l l  c o n t r o l  s e n s i t i v i t y  ( t h e  p roduc t   o f  t h e  parameters KU,K1, 
and K 2 )  was inc reased   f rom 1.0 t o  2.82  (deg/sec  ) /newton. 2 
I n p u t  s i g n a l s  h a v i n g  s p e c t r a l  c h a r a c t e r i s t i c s  i d e n t i c a l  t o  
t h o s e  u s e d  i n  t h e  p r i o r  e x p e r i m e n t  w i t h  uns tab le  dynamics  were used 
throughout  t h i s  exper iment .  The e f f e c t i v e   i n p u t   p o w e r   ( d e t e r m i n e d  
p r i m a r i l y  by  the  i n p u t  g a i n  parameter KI o r  Ki) was v a r i e d  f r o m  
o n e  c o n d i t i o n  t o  t h e  n e x t  i n  o r d e r  t o  m a i n t a i n  a c o n s i s t e n t  l e v e l  
of  apparent  task d i f f i c u l t y  as measured by  t h e  e r r o r  v a r i a n c e .  
I n  o r d e r  t o  s e l e c t  a p p r o p r i a t e  v a l u e s  of  i n p u t  g a i n ,  w e  o b t a i n e d  
f i r s t  t h e  p r i n c i p a l  m o d e l  parameters ( t h e  r e l a t i v e  c o n t r o l - r a t e  
we igh t ing ,  t h e  time d e l a y ,  and t h e  n o i s e  r a t i o s )  by matching t h e  
r e s u l t s  of  t h e  1 - i n d i c a t o r  e x p e r i m e n t  d e s c r i b e d  i n  S e c t i o n  4 .  
Keeping these parameters c o n s t a n t ,  we s i m u l a t e d  t h e  e x p e r i m e n t a l  
c o n d i t i o n s  for tasks B and C and  determined the  i n p u t  g a i n s  t ha t  
would y i e l d  e r r o r  v a r i a n c e  s c o r e s  t h a t  were c o n s t a n t  a c r o s s  t h e  
th ree  e x p e r i m e n t a l  c o n d i t i o n s .  
The same f o u r  s u b j e c t s  who p a r t i c i p a t e d  i n  t h e  p r i o r  u n s t a b l e  
d y n a m i c s  e x p e r i m e n t  p a r t i c i p a t e d  i n  t h i s  v a l i d a t i o n  e x p e r i m e n t  as 
wel l .  S i n c e  tasks B and C were new t o  th ree  of  t he  s u b j e c t s ,  most 
c- 4 
of  the  t r a i n i n g  was concen t r a t ed   on  these t a s k s .  A few s e s s i o n s  
w i t h  task A a l l o w e d  t h e  s u b j e c t s  t o  m a i n t a i n  the i r  s k i l l  a t  
t r a c k i n g  the u n s t a b l e  v e h i c l e .  An e q u a l  number  of t r ials p e r  
c o n d i t i o n  was p r o v i d e d   d u r i n g   e x p e r i m e n t a t i o n   ( e a c h   s u b j e c t   p e r -  
fo rmed  each  t a sk  fou r  t imes),  a n d  t h e  t a s k s  were p r e s e n t e d  i n  a 
ba lanced  o rde r .  
EXPERIMENTAL RESULTS 
Optimal-control  model  behavior  was matched t o  t h e  ave rage  
behav io r  of  t h e  s u b j e c t s   f o r   e a c h   e x p e r i m e n t a l   c o n d i t i o n .  Two 
model pa rame te r s  were h e l d  f i x e d  a c r o s s  c o n d i t i o n s :  time delay 
was 0 . 2  s ec ,  and  t h e  m o t o r  n o i s e  r a t i o  was s e t  a t  about  -29 .5  dB.  
The r ema in ing  pa rame te r s  o f  con t ro l - r a t e  we igh t ing  and  obse rva t ion  
n o i s e  r a t i o  were s e l e c t e d  f o r  e a c h  c o n d i t i o n  t o  p r o v i d e  t h e  best  
match t o  t h e  measured  variance  scores  and  frequency-domain  charac- 
t e r i s t i c s .  The pr imary   purpose   o f  t h i s  e x e r c i s e  was t o  p r o v i d e  
an estimate o f  t h e  c o n t r o l l e r s '  o b s e r v a t i o n  n o i s e  r a t i o .  
Model pa rame te r s  are  t a b u l a t e d  i n  Table  C-2. The major  param- 
e t e r  o f  i n t e r e s t ,  t h e  o b s e r v a t i o n  n o i s e  r a t i o ,  was e s s e n t i a l l y  t h e  
same f o r  t h e  t w o   a c c e l e r a t i o n - d i s t u r b a n c e  tasks.  Ra t ios  of -25 dB 
and -26 d B ,  r e s p e c t i v e l y ,  were f o u n d  f o r  t h e  u n s t a b l e  a n d  s t a b l e  
v e h i c l e  tasks.  T h i s  small d i f f e r e n c e  was w i t h i n  t h e  limits of  
prec is ion   of   our   model -matching   procedure .   Al though a somewhat 
h i g h e r  n o i s e  r a t i o ,  -23 d B ,  a p p e a r e d  t o  p r o v i d e  t h e  best o v e r a l l  
match t o  t h e  v e l o c i t y - d i s t u r b a n c e  data ,  a n o i s e  r a t i o  o f  -26 d B  
p r o v i d e d   a l m o s t   j u s t  as good a match. Accord ingly ,   model   resu l t s  




E f fec t  o f  Expe r imen ta l  Cond i t ions  on  Model Parameters  
B 
-29.4 .20 .070  0 . 6  x Vel. k / s2  C ( b )  
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Task 
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Motor (set) ( s e c )  w e i g h t i n g   I n p u t  Dynamics 
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Model s c o r e s  a re  compared w i t h  ave rage  measu red  va r i ance  sco res  
i n  T a b l e  C-3. ( A v e r a g e   s c o r e s   f o r   i n d i v i d u a l   s u b j e c t s  are g i v e n   i n  
Tables D - 1 7  of  Appendix D . )  Matching of e x p e r i m e n t a l  r e s u l t s  was 
very good for  t h e  two tasks i n  which t h e  i n p u t  was a p p l i e d  as a n  
a c c e l e r a t i o n   d i s t u r b a n c e .  Tables  C-3a and C-3b show t h a t  a l l  per- 
formance  scores  were rratched t o  w i t h i n  5 %  ( e x c e p t  f o r  t h e  c o n t r o l -  
ra te  s c o r e ,  f o r  which t h e  p r e d i c t e d  s c o r e  was about  30% t o o  h i g h ) .  
The pe r fo rmance  sco res  ob ta ined  f rom t h e  v e l o c i t y - d i s t u r b a n c e  e x -  
per iment  were not  matched s o  well .  O f  t h e  t w o   o b s e r v a t i o n   n o i s e  
r a t i o s  t e s t ed  i n  t he  model, a c o n s i s t e n t l y  b e t t e r  match t o  t he  
s c o r e s  was provided  by t h e  - 2 3  dB r a t i o .  
S i n c e  o u r  pr imary  g o a l  i s  t o  i n f e r  t h e  s u b j e c t s '  a v e r a g e  ob- 
s e r v a t i o n  n o i s e  r a t i o s ,  w e  shou ld  place pr imary emphasis on t h e  
match  be tween measured  and  predic ted  equiva len t  observa t ion  noise  
s p e c t r a .   F i g u r e s  C-2 th rough C-4 show t h a t  t h e  o b s e r v a t i o n   n o i s e  
)t 
"
For  a g i v e n  c o n t r o l  s i t u a t i o n ,  t he  p r e d i c t e d  o b s e r v a t i o n  n o i s e  
spectrum depends p r i m a r i l y  upon t h e  n o i s e  parameters and much 
less s t rong ly  upon  time delay a n d  r e l a t i v e  c o s t  w e i g h t i n g s .  
The va r i ance  sco res ,  however ,  are i n f l u e n c e d  a p p r e c i a b l y  by a l l  
o f  t h e  model parameters. 
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TABLE C-3  
Comparison of  Measured  and  Predic ted  Var iance  Scores 
. . ." 
Data L 
~~~ 
~~ . .  
Observa t ion  
N o i s e  R a t i o  
2 2 2 2 2 u uX Y 
(dB 1 (newt /sec)  2 newt2 deg2 (deg/sec)2 (deg)* 
~ . . . . . - . - - . . . . " 
a. U n s t a b l e   v e h i c l e ,   a c c e l e r a t i o n   d i s t u r b a n c e  
2 . 2  
7 . 8  x l o 2  9 . 8  .38 2 .2  
6 . 0  x l o 2  9 .7  .38 
b. Stable  v e h i c l e ,   a c c e l e r a t i o n   d i s t u r b a n c e  
~~~ - .  ~ 
-" kr::t 1 -26.0 .18 7 .3  x lo2 10 -35  2 . 2  1 9  5 . 9  x l o 2  10 . 3 4  2.1 
- - ~ .~ . ." - 
~~ ~ 
c .  S t a b l e  v e h i c l e ,   v e l o c i t y   d i s t u r b a n c e  
-~ ~ 
Exptl 
Model ( a )  
Model ( b )  . 2 2  3.6 
~ ~ . . ~. 
" 
1.2 x 10 
11 1.1 x 10 
Average o f  4 s u b j e c t s ,  4 t r l a l s / s u b j e c t  
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A v e r a g e  o f  4 s u b j e c t s ,  4 t r i a l s / s u b j e c t  
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1 I 1 
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b. C o n t r o l l e r   D e s c r i b i n g   F u n c t i o  
-400 .05 i 0.1 0.2 0.5 I .o 2 5 I 
FREQUENCY ( r a d l s e c )  
F 1 G . C - 3   C O M P A R I S O N   O F   M E A S U R E D   A N D   P R E D I C T E D   F R E Q U E N C Y - D O M A I N  
M E A S U R E S :   S T A B L E   V E H I C L E   W I T H   A C C E L E R A T I O N   D I S T U R B A N C E  
A v e r a g e  o f  4 s u b j e c t s ,  4 t r i a l s / s u b j e c t  
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F 1 G . C - 4  C O M P A R I S O N  O F  M E A S U R E D  A N D  P R E D I C T E D  F R E Q U E N C Y - D O M A I N  
M E A S U R E S :   S T A B L E   V E H I C L E   W I T H   V E L O C I T Y   D I S T U R B A N C E  
A v e r a g e  o f  4 s u b j e c t s ,  4 t r i a l s / s u b j e c t  
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s p e c t r a ,  as well as the c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n s ,  were 
matched very wel l  f o r  t h e  two expe r imen ta l  tasks i n  which t h e  
i n p u t  was a p p l i e d  as a d i s t u r b a n c e  t o  v e h i c l e  a c c e l e r a t i o n .  
A reasonably good match was a l s o  o b t a i n e d  f o r  t h e  f r e q u e n c y -  
domain r e s u l t s   o f  t h e  v e l o c i t y - d i s t u r b a n c e   e x p e r i m e n t .   F i g u r e  
C-4a shows tha t  good  matches t o  t h e  o b s e r v a t i o n  n o i s e  s p e c t r a  
were provided  by the t w o  n o i s e  r a t i o s  tested i n  the model; b e t t e r  
mid - f r equency  r e su l t s  were o b t a i n e d  by  t he  l o w e r  n o i s e  r a t i o  
(-26 dB)  a t  t h e  expense  of  a less good match a t  h i g h  f r e q u e n c i e s .  
On the basis of these r e s u l t s  we conclude  tha t  the  s u b j e c t s '  
e q u i v a l e n t  o b s e r v a t i o n  n o i s e  r a t i o s  were s u b s t a n t i a l l y  t h e  same 
f o r  t h e  th ree  tasks i n v e s t i g a t e d  i n  t h i s  experiment   and  consider-  
a b l y  lower  than  t h e  nominal  va lues  of  -20 d B  o b t a i n e d  f o r  t h e  ob- 
s e r v a t i o n  n o i s e  r a t i o s  i n  most  of  our ea r l i e r  r e s u l t s .  The unex- 
p e c t e d l y  low n o i s e  r a t i o s  m e a s u r e d  i n  o u r  p r i o r  e x p e r i m e n t  w i t h  
u n s t a b l e  d y n a m i c s ,  t h e r e f o r e ,  d i d  n o t  r e s u l t  f r o m  a d i r e c t  depend- 
ency of  n o i s e   r a t i o   o n   v e h i c l e   d y n a m i c s .   M o r e o v e r ,  t h e  low  noise  
r a t i o s  d i d  n o t  r e s u l t  f r o m  a d e p e n d e n c e  o n  i n p u t  c h a r a c t e r i s t i c s ,  
a l t hough  there  i s  some i n d i c a t i o n  t h a t  t h e  v e l o c i t y  d i s t u r b a n c e  
l e d  t o  h i g h e r  n o i s e  r a t i o s .  
The s i m p l e s t  e x p l a n a t i o n  f o r  t h e  improved performance of t h e  
s u b j e c t s  i n  t h i s  e x p e r i m e n t  i s  s imply t h a t  t h e y  had l e a r n e d  t o  
become  more e f f e c t i v e  c o n t r o l l e r s  as a r e s u l t  of  t h e i r  exposure  
t o  t h e  uns tab le  dynamics  tha t  were employed i n  t h i s  and i n  t h e  
p r i o r   e x p e r i m e n t .  With t h e  uns tab le   dynamics ,  t h e  e r r o r   v a r i a n c e  
was c o n s i d e r a b l y  more s e n s i t i v e  t o  o b s e r v a t i o n  n o i s e  t h a n  w i t h  
t he  s tab le  dynamics.  As a r e s u l t , t h e   p a y o f f   f r o m   i m p r o v i n g  t h e  
n o i s e  r a t i o  was a p p r e c i a b l e  a n d  we p o s t u l a t e  t h a t  t h e  s u b j e c t s  
l e a r n e d  t o  e f f ec t  such  an  improvement.  Once hav ing  managed a 
r e d u c t i o n  i n  n o i s e  r a t i o ,  t h e  s u b j e c t s  were a p p a r e n t l y  able t o  
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t r a n s f e r  t h e  low n o i s e  r a t i o  t o  the o t h e r  c o n t r o l  tasks. 
I n  F i g u r e  C-5 i s  p l o t t e d  t h e  e r r o r  v a r i a n c e  as a f u n c t i o n  of 
o b s e r v a t i o n  n o i s e  r a t i o  f o r  t h e  th ree  e x p e r i m e n t a l  c o n d i t i o n s  i n -  
v e s t i g a t e d  i n  t h i s  exper iment .  The opt imal-control   model  was used 
t o  p r e d i c t  t he  r e l a t i o n s h i p  b e t w e e n  e r r o r  v a r i a n c e  a n d  o b s e r v a t i o n  
n o i s e  r a t i o .  O b s e r v a t i o n  n o i s e  r a t i o  was var ied   be tween -26 dB and 
-20 dB;  t h e  remaining model parameters were s e l e c t e d  f r o m  T a b l e  C-2 .  
P r e d i c t e d  e r r o r  v a r i a n c e  was much more s e n s i t i v e  t o  o b s e r v a -  
t i o n  n o i s e  r a t i o  when t h e  vehic le  dynamics  were  uns tab le  (and  the  
i n p u t  a p p l i e d  as a n  a c c e l e r a t i o n  d i s t u r b a n c e )  t h a n  when t h e  v e h i c l e  
dynamics  were K/s2 a n d  t h e  i n p u t  was a p p l i e d  as a v e l o c i t y  d i s t u r b -  
ance .  An i n t e r m e d i a t e   s e n s i t i v i t y  was o b s e r v e d   f o r   t h e   s t a b l e -  
v e h i c l e ,   a c c e l e r a t i o n - d i s t u r b a n c e  task .  .For  t h e  v e l o c i t y - d i s t u r b -  
ance  task,  a r e d u c t i o n  o f  n o i s e  r a t i o  f r o m  -20 dB t o  -26 d B  reduced 
t h e  p r e d i c t e d  e r r o r  s c o r e  by  only 2 d B ,  whereas t h e  same v a r i a t i o n  
o f  n o i s e  r a t i o  r e p r e s e n t e d  a b o u t  a 6 .5  d B  v a r i a t i o n  o f  p e r f o r m a n c e  
f o r  t h e  u n s t a b l e   v e h i c l e  task. I n   o t h e r   w o r d s ,   r e d u c i n g  t h e  n o i s e  
r a t i o  was a l m o s t  t h r e e  t i m e s  as e f f e c t i v e  when t h e  v e h i c l e  was un- 
s t ab le .   Hence ,  t h e  s u b j e c t s   a p p a r e n t l y   f o u n d  i t  worth t he  extra  
e f f o r t  t o  r e d u c e  o b s e r v a t i o n  n o i s e  i n  t h i s  s i t u a t i o n ,  b u t  n o t  i n  
t h e  c o n t r o l  s i t u a t i o n s  u s i n g  s t a b l e  v e h i c l e  d y n a m i c s  t h a t  we i n -  
v e s t i g a t e d  i n  e a r l i e r  e x p e r i m e n t s .  
SUMMARY AND D I S C U S S I O N  
An experiment  was pe r fo rmed  to  de t e rmine  why t h e  o b s e r v a t i o n  
n o i s e  r a t i o s  o b s e r v e d  i n  t h e  s i n g l e - a x i s ,  m u l t i v a r i a b l e  e x p e r i m e n t  
w i t h  unstable  dynamics were s u b s t a n t i a l l y  l o w e r  t h a n  t h e  -20 d B  
n o i s e   r a t i o   f o u n d   i n  ea r l i e r  exper iments .   Three   cont ro l  tasks 
were s t u d i e d :  ( a )  the   s econd-o rde r ,   uns t ab le -veh ic l e  task k/s(s-X) 
i n v e s t i g a t e d  i n  t h e  p r i o r  e x p e r i m e n t ,  ( b )  a K/s2 task w i t h  t h e  
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i n p u t  a p p l i e d  as a d i s t u r b a n c e  t o  v e h i c l e  v e l o c i t y ,  a c o n t r o l  
s i t u a t i o n  a l s o  s t u d i e d  i n  a n  ea r l i e r  exper iment ,  and  ( c )  a K/s2 
task w i t h  a n  a c c e l e r a t i o n  d i s t u r b a n c e .  By matching t h e  o u t p u t   o f  
t h e  o p t i m a l - c o n t r o l  m o d e l  t o  t h e  e x p e r i m e n t a l  data,  w e  concluded 
t h a t  t h e  n o i s e  r a t i o s  were n o t  s u b s t a n t i a l l y  d i f f e r e n t  f o r  t h e  
three tasks.  We t h e r e f o r e   r u l e d   o u t  t h e  p o s s i b i l i t y  o f  a d i r e c t  
f u n c t i o n a l  r e l a t i o n s h i p  b e t w e e n  n o i s e  r a t i o  a n d  c o n t r o l  s y s t e m  
parameters. 
The most l i k e l y  e x p l a n a t i o n  f o r  t h e  r e l a t i v e l y  low n o i s e  
r a t i o  i s  t ha t  t r a i n i n g  o n  t h e  uns tab le  dynamics  provided  very  
s t r o n g  m o t i v a t i o n  f o r  t h e  s u b j e c t s  t o  r e d u c e  t h e i r  o b s e r v a t i o n  
n o i s e .  An i n v e s t i g a t i o n  of model  behavior  showed t h a t  p r e d i c t e d  
e r r o r  s c o r e  was three times as s e n s i t i v e  t o  o b s e r v a t i o n  n o i s e  
r a t i o  f o r  the  u n s t a b l e - v e h i c l e  task t h a n  f o r  t h e  K/s2 task w i t h  
t h e  v e l o c i t y   i n p u t .  Once t r a i n e d  t o  a c h i e v e  a low n o i s e   l e v e l ,  
t h e  s u b j e c t s  a p p a r e n t l y  r e t a i n e d  t h i s  a b i l i t y  when p r e s e n t e d  w i t h  
t h e  s t a b l e - v e h i c l e  tasks. 
S ince  t h e  "minimum" o b s e r v a t i o n  n o i s e  r a t i o  t h a t  t h e  p i l o t  
i s  e i t h e r  w i l l i n g  o r  able t o  a c h i e v e  d e p e n d s  o n  task parameters 
a n d  t r a i n i n g  p r o c e d u r e s ,  we must now f a c e  t h e  q u e s t i o n  o f  how t o  
s e l e c t  t he  a p p r o p r i a t e  n o i s e  r a t i o  when we wish t o  o b t a i n  R o d e l  
p r e d i c t i o n s  f o r  a c o n t r o l  s i t u a t i o n  we have  no t  p rev ious ly  in -  
v e s t i g a t e d .  If we wish  t o  s t u d y  task  i n t e r f e r e n c e ,  what r a t i o  
s h o u l d   c o r r e s p o n d   t o   " f u l l   c a p a c i t y " ?  We have  no s imple answer 
t o  these q u e s t i o n s .  Clear ly ,  t h e  e q u i v a l e n t   o b s e r v a t i o n   n o i s e  
r a t i o  i s  re la ted t o  how well ,  and i n  what manner, t h e  s u b j e c t  i s  
t r a i n e d .  We would  have t r o u b l e ,  t h e n ,   p r e d i c t i n g  t h e  a b s o l u t e  
limit o f  p e r f o r m a n c e  a t t a i n a b l e  by a p i l o t  i n  a g i v e n  c o n t r o l  
s i t u a t i o n .  
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Rather than  concern  ourse lves  w i t h  t h e  minimum a t t a i n a b l e  
n o i s e  r a t i o ,  we suspec t  t h a t  a more r e l e v a n t  a p p r o a c h  t o  manual 
con t ro l  p rob lems  in  gene ra l  i s  t o  determine the maximum permis- 
s i b l e  n o i s e  r a t i o  tha t  the  p i l o t  c a n  a l l o w  himself without ex- 
ceed ing   pe r fo rmance   spec i f i ca t ions .  By comparing the  obse rva t ion  
noise  requi rements  of  var ious  tasks ,  w.e can determine t h e  r e l a t i v e  
"demands" t h e y  make on t h e  p i l o t .  We have a p p l i e d  t h i s  approach 
t o  t h e  p r o b l e m  o f  p r e d i c t i n g  p i l o t  w o r k l o a d  i n  S e c t i o n  5 of  t h i s  
r e p o r t .  
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APPENDIX D 
TABLES OF PERFORMANCE MEASURES 
1- 
TABLE D - 1  
Effect  of Display Format on Mean-Squared Error  S c o r e s  
D i  s p   l a y  
Format - . .  
bar 
d o t  
bar 




d o t  
bar 
d o t  
bar 
d o t  
. . ". . . 
- .. 
b ar 
d o t  
bar  
d o t  
Axis Tracked 




. 1 4 0  
.145  
1 . 0 2  
- 9 5 7  
378 ,382  
,872  675  
1 !:ii 1 . 0 2  1 .09  994 .139 1 3 5  
.0869 
.10 5 .lo7 . l o 3  
, 0897  .0924 
I 
I 
499 I -696  I ,597  
. 4 4 4  1 . 1 7  .807  
MS e r r o r  s c o r e s  i n  degree2 v i s u a l  a r c .  
1 r u n  p e r  s u b j e c t  p e r  c o n d i t i o n .  
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Tables D-3 through D-7 c o n t a i n  a breakdown  on t h e  e r r o r  and 
c o n t r o l  s c o r e s  f o r  t h e  s ingle-ax is  t racking  exper iments  rev iewed 
i n  Appendix A .  Table  D-2 below  contains a l i s t  of t h e  v a r i a b l e s  
r e p r e s e n t e d  i n  these tables .  
TABLE D-2 
L i s t  of  Performance Measures Appearing i n  Tables D-3 - D-7 
( u n i t s  re fe r  t o  e q u i v a l e n t  d i s p l a y  d e f l e c t i o n )  
Symbol 
I mean-squared e r r o r   i n   d e g r e e  2 
2 
uX e r r o r  v a r i a n c e  i n  degree 
2 
i n p u t - c o r r e l a t e d  p o r t i o n  o f  ug i n  degree 2 
2 r emnan t - r e l a t ed  po r t ion  o f  0: i n  degree 2 * x r  
2 2  
uxr/ax f r a c t i o n a l  r e m n a n t  power  (d imens ionless  ra t io)  
f r a c t i o n a l  v a r i a t i o n a l  power  (d imens ionless  ra t io)  
2 
u U  
va r i ance  of c o n t r o l  e f f o r t  i n  ( d e g r e e / s e c o n d )  




u r  remnant - re la ted  por t ion  of  a: i n  (deg ree / second)  
I 
2 2  
uuI=/'ui f r ac t iona l  r emnan t  power  (d imens ionless  ra t io)  
Note:   Since  mean-squared  control   effor t   and t h e  va r i ance  o f  t h e  
c o n t r o l  e f f o r t  a g r e e d  t o  w i t h i n  1% i n  a l m o s t  a l l  c a s e s ,  we have 
no t  t abu la t ed  mean- squa red  con t ro l  e f fo r t .  
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"__""__"_____ __ -. . ..~. 
TABLE D-3 
I Effect  of  Relat ive Display Locat ion on Average Performance Measures  
2 2 2 
R e l a t i v e  
OU u r  Oui OU a x i  ‘x X Fixated  Tracked Locat ion 
2 2 2 2 2 - 2 2 2 Display Axis Display 
‘ur ‘xr ‘X 
Foveal UL UL .117 . l15  .230 1.00 3.18 4.18 .245 .981 .0282 .0863 
” - 
X 2  0 
1 6 O  P e r i p h e r a l  
E x t r a p o l a t i o n  
J 
J 
1 6 O  Per iphe ra  
No Reference 
E x t r a p o l a t i o n  
22O P e r i p h e r a l  
No Reference 
E x t r a p o l a t i o n  
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16O P e r i p h e r a l  
Reference 
E x t r a p o l a t i o n  
3 
=I 
1 6 O  P e r i p h e r a l  
No Reference 
E x t r a p o l a t i o n  
22' P e r i p h e r a l  
No Reference 
E x t r a p o l a t i o n  
2 u  2 2 uX x r  
"
'ur 
D i s p l a y  - 2 2 2 - 2 2 2 2 2 - 
Fixa ted   Subj c t  X 2  uX ux i 'xr x2 ux uU OUi 'ur U U 
J F  .08O4 , 0 7 9 1  .0549 ,0242 ,984 ,306  5.22 3.77 1.45 , 2 7 7  
DM ,119  . l l 9  .0983  . 207 1 .000  ,174 3.47 2.90  0 .572 ,165  
1 
TABLE D-5 
E f f e c t  o f  R e l a t i v e  D i s p l a y  L o c a t i o n  on Performance  Measures:   Control  o f  LL Display  Only 
/ R e l a t i v e  
Display 
Foveal 
16O Pe r iphe ra l  
Reference 
E x t r a p o l a t i o n  
16O Pe r iphe ra :  
No Reference 
E x t r a p o l a t i o n  
2 2 O  Pe r iphe ra :  
No Reference 
E x t r a p o l a t i o n  
I 
m (JL ! ' 7: ' U  2 1  - - ur I 
I I,u !  
i s p l a y  
' 2 ' 2  2 1  
'u 1 'ui 'ur I u X  xr 1 x i  X 7 S u b j e c t  i x a t e d  
2 
a a 2 U 1 ; ; T  2 2 U 
1 J F  1 . O T T O 1  .a768 1 .0589 I .0179 1 .997  .233 1 4 .73  ~ 3 .73  ~ 1 .00  ' . 2 1 2  
! DM I ,110 1.110 I , 09461  .0154 i1 .000 i . 1 4 0  I 3 . 5 1  1 3.04 j . 4 7 2   . I 3 5  
LL .488 1 6 .92  I 2.98   394   ,569  . ,  , 116  1 .996 . 1 2 2  .239 ! . 238  GP 
HS 
1 . 5 0  I .270 3 .19   4 .69   .267  ,974  .0436 .Og28  .137 , 1 4 0  AVG 
.585 1 . 163  3.00 3.59 ,208  .go3  ,0251  .O958 . 1 2 1  ,134 
I T[II 
HS 1 . 2 1  I .352 ~ 2 . 2 4  3 .45  .448 .979 .143   , 176  .319 ,326  
AVG 2 . 6 3  I .429 2.78 5 .41   . 46g  .986 ,149  .168  .317 , 3 2 1  
, 3.35  .469 
TABLE D-6 
E f f e c t   o f   R e l a t i v e   D i s p l a y   L o c a t i o n   o n   P e r f o r m a n c e   M e a s u r e s :   C o n t r o l  o f  LR Display  Only 
Relative 
Disp lay  
Loca t ion  
Foveal  
16O P e r i p h e r a l  
Reference  
E x t r a p o l a t i o n  
16O P e r i p h e r a l  
No Reference  
E x t r a p o l a t i o n  
22' P e r i p h e r a l  
No Reference  
E x t r a p o l a t i o n  
J F  .0920 .0920 .0739 .a182  .994  ,197  4 . 4 3  3 . 6 8  .752 .170 
DM . 1 3 1  . 1 3 1  .113 ,0179 1 . 0 0 0  .137 3 .27  2 .92  ,350  . l o 7  
J F  ,207  .206 .113  .0932 .995  . 4 5 3  5 . 3 5  3.20 2 . 1 1  :395 
DM .296 .295  , 2 2 4  , 0706  .997 . 2 4 0  3 .30  2.49 . 8 1 0  . 245  
UR GP , 6 1 8  .617 .287 .330 .998  . 5 3 5  9 . 3 2  2.52 6 .80  730 
HS .658 .608  .268 .340 .924 .559 3.80 1 . 8 8  1 . 9 2  ,505 
AVG . 4 4 5  , 4 3 2  . 223  .208  .979 .447 5.44 2 . 5 3  2 . 9 1  .469 
J F  .596 ,524  . 1 4 2  .382 .879 ,729  5 .77  2 . 9 1  2 .86  , 4 9 5  
DM , 5 7 1  . 5 6 3  . 2 1 1  , 3 5 2  .986 , 6 2 5  4.87 2.90 2.47 .508 
LL GP 1 . 8 5   1 . 7 9  , 5 0 7   1 . 2 8  .968 .717  8 .96 2 . 0 2  6.94 .775  
AVG 1 . 2 6   1 . 0 8  .283  .794 .886 .721   6 . 22 64   3 .7 , 5 6 5  
HS 2 . 0 3  1 . 4 4  .272   1 .16  .TO9 . 8 1 1   5 2 7   2 . 7 3   2 . 5 5   - 4 8 3  I 
J F  1 . 7 3  1 . 3 7  . l o 6  1 . 2 7  , 7 9 2  .923  7 . 7 0  3.01 4.69 .609 
DM , 8 5 7  , 7 1 2  .197 .515  . 8 3 1  .724 6 . 4 7  2 .53  3.94 .609 
- 
HS 1 . 8 0  1.79 ,806 .986 .994 ,550 5 . 5 1  2 . 2 4  3.27 ,594  
AVG 1 . 4 6  1 . 3 3  .368  .965 .903  .739 7 . 7 2  2.77 4.94 .630 
F 
TABLE D-7 
Effec t   o f   Rela t ive   Disp lay   Loca t ion   on   Per formance   Measures :   Cont ro l   o f  UR Display  Only 
I 
Rela t ive  
Display  Display 
Locat ion U u i  U 
Foveal 
1 
16O P e r i p h e r a l  
Reference 
E x t r a p o l a t i o n  
16O P e r i p h e r a l  
No Reference 
E x t r a p o l a t i o n  
22’ P e r i p h e r a l  
No Reference 
E x t r a p o l a t i o n  
LR 
- 
GP 13.50 1.82 .173 1.65 .520 .go5 9.86 2.85 7.01 
HS 11.50 1.07 .312 .755 .713 .708 4.12 2.12 2.00 .486 
TABLE D-8 
Effect  of  Fixation P o i n t  on  Total  Mean-Squared 
Error Score:Single-Axis  Tracking 
i 
MS Error in  degrees2 v i s u a l  arc 
One  score  per  subject 
D- 8 
TABLE D-9 
Effect  of  Viewing Condit ions on Average 
Normalized Observat ion Noise Spectrum 
Measurement I S p e c t r a l   D e n s i t y   L e v e l  i n  d B  
Frequency 
"ll'ief Ext ( r a d / s e c )  Foveal .  No Ref Ext No Ref Ext 
Pe r iph  p' P e r i I -  223 -1 Per iph  
0 . 0 5  I -12 .2  I - 5 . 1  I 1.1 2 . 7  I 
0 . 1 2  I -12 .6  - 5 . 4  I 0 . 0  1 0.4 
0 . 2 5  I - 1 4 . 2  - 2 . 3  - 2 . 3  - 6 . 1  
1 . 5  - 1 6 . 7  I - 1 2 . 6  -12 .0  I - 1 2 . 2  
2 . 0  -17 - 7 - 1 3 . 8  -13 .8  -13 .9  
-18 -0 -15.1 - 1 5 . 9   - 1 6 . 2  
- 1 7 . 6  - 1 9 . 0  
- 2 0 . 2  - 2 0 . 2  
8 .0  1 
1 1 . 2  I - 2 5 . 2  I 4 ; : ;  1 -25 .9  - 2 6 . 3  16.0 7 - 2 9 . 1  - 2 6 . 9  -29 .6  
2 2  .o I - 3 2 . 0  1 -29 .6  I - 3 2 . 7  1 -32 .9  I 
32 .o -35 5 I 
Average of 4 s u b j e c t s ,  4 runs   each  
0 d B  - 1 u n i t  o f  normalized power p e r  rad/sec 
D-9 
TABLE D-10 





0 . 5 2  
1 . 0  




2 . 9  
2 . 0  
4 .O 
5 . 7  
8 . 0  
11.0 
16 .O 
2 2 . 0  
32 . O  
Average of 4 subjects, 4 runs  each 
0 dB = 1 degree/second  per  degree 
TABLE D - 1 1  
AVG 
E f fec t  o f  Number of Axes Tracked on Mean-Squared 
E r r o r  Scores:  One Foveal  and  One Peripheral  D i s p l a y  
Fovea l  I P e r i p h e r a l  




- . - . . . . . 
.274 
313 







. 4 0 2  
.347 




_ _ _ ~ ~ ~ ~ ~  
.819 . 4 4 4  . 2 4 4  . 
. 4  19 
.528 313 .6  19 
.612 383 
.670 
.377  .176 .644 
.316 .171 
556 
. 4 2 1  .238 .443 
.485 . 2 2 1  
.500 .453 . 2  30 
1 -ax i s  2-axis  
.371 .798 
.365 -633  
.368 .7  16 









.523 1 . 0 2 4  
.517 
.865 .584 
1 . 0 4 2  
551  -953 
MS e r r o r  scores i n  degrees2 v i s u a l  a rc  
Average of 2 r u n s / s u b j e c t  
D-11 
TABLE D-12 
E f f e c t  o f  Number o f  Axes Tracked on Mean-Squared Error  Scores:  
One Foveal  and  Three P e r i p h e r a l  D i s p l a y s  
16O P e r i p h e r a l  2 2 O  P e r i p h e r a l  1 6 0  Per iphera l  
Fovea l  No Ref. Ext No Ref. E x t  Ref Ext 
S u b j e c t  
1 .67  1.79  .837 ,739 525 . 2 2 1  1 . 1 0  ,933  .180 .288 " .0691 J F  
4-axis  3-ax is  1 -ax i s  4-axis  3-ax is  1-ax is   4 -ax is  3-ax is  1-ax is   4 -ax is  3-axis  1 -ax i s  
DM 
GP 2.66 2 .04  1 .98  2 .19  1 .30  .549  1 .63 1.54  .374 392 " .125 
~~ ~~~ ~~ ~ ~ 
,119 1 .85   1 .43  .956  1.47 1 . 4 0  ,472 552 .388 ,228 . 1 g o  " 
HS " . 140  
I :I.; I 1 z::: 1.86   1 .84  .782 ,873  .113 AVG tl P 
N 
" 303 1 . 0 4  1 .57  1 .27 .506 
MS e r r o r  s c o r e s  i n  degrees2 v i s u a l  a r c  
Average  of 2 runs / sub jec t :   1 -ax i s   and   4 -ax i s  
Average  of 4 r u n s / s u b j e c t  : + a x i s  
TABLE D-13 
Summary o f  Ana lys i s  of Variance of Mean-Squared Error 
and Mean-Squared Control Scores f o r  4-axis  Scanning Experiments:  
I n t e r - A x i s   D i f f e r e n c e s  
I n p u t  
Ef fec t  LL UR 
a .  Mean-Squared Error  
~ 
Axis .01 
"- "- --- .001 .05 .01 Axis X S u b j e c t  
.001 .001 .001 "-  "-  -" S u b j e c t  
.001 
~ ~~~~ ~ 
"-  "-  "- -"
S u b j e c t  
Axis X S u b j e c t  
b .  Mean-Squared C o n t r o l  
.001 --- .001 --- 
.05 --- .001 .05 .05  . 05  
S i g n i f i c a n c e  l e v e l  shown f o r  t h e  d i f f e r e n c e  b e t w e e n  t h e  
t h e  LR a x i s  a n d  t h e  sco re  on  one of  t h e  remain ing  axes .  
D-13 
sco re  on  
TABLE D-14 
Summary of  Ana lys i s  of Variance of Mean-Squared Error 
and Mean-Squared Control  Scores  for  4-axis Scanning Experiments  
I n t e r - I n p u t  D i f f e r e n c e s  
Axis 
UL Total UR LR LL 
Effect  
a. Mean-Squared E r r o r  
Axis 
"-  "- "- "- --- Axis X S u b j e c t  
. 00 3. .001 . 0 0 1  . 05  . 01  S u b j e c t  
.001 .01  05 . 00 1 "- 
b .  Mean-Squared  Control 
Axis 
S u b j e c t   . 0 0 1  --- "- 
Axis X S u b j e c t  . 0 5  "- .001 . O l  
S i g n i f i c a n c e  l e v e l  shown f o r  t h e  change i n  s c o r e  o n  a g i v e n  a x i s  
caused by a change i n  t h e  MS Input  on  the LL Axis.  
TABLE D-15 
Ef fec t  o f  Disp lay  Condi t ions  on  Average Variance S c o r e s :  
S ing le -Axi s ,  Mul t iva r i ab le  Task  
a. Y-Display O f f  






. 2 2 1  1 . 4 0  
193  2 . 0 2  
- 255 1 .66  
.260  2.39 
.232 1 .87  
.231   1 .83  
b .  Y-Display On 1 -  K G  
Average 
Geom.Avg. 
c .   R a t i o :  
KG 
WM 










,110 1 . 0 0  
.250 159  1 .66 
.180 
.151   1 .06  
.163  1 .48 
.192 
.227 . 1 4 4  1 .27 
.231  . I46   1 .30  
.263 
- . . -  "_  .~ . - 
~~ 
(Y-Display  On)/(Y-Display O f f )  
.498  .714 
.822 .324  .822 
.692 
- 592  .639  .6 30 
.627  .619 











2.16 x 10' 
1.98  x 1 0 3  
1 .95  x 1 0 3  
36.0 
51.2 
1 .95  x 103 
1.86 x 1 0 3  43.2 
1 .59  x 103  34.2 
1 .97  x 1 0 3  
4 1 . 1  
1 . 8 3  x 103  40.6 
1 .84  x 103  
TABLE D-16 
Summary of Analysis  of  Variance of Sys tem E r r o r  
Var iance   Scores :   S ingle-Axis ,   Mul t ivar iab le  Task  
- ~ "~ 
E f f e c t  S ign i f i cance  Leve l  
No. of I n d i c a t o r s  
Sub jec t  X Number 
" Sub jec t  
.05*  . OOl** 
05 
I 
Tested a g a i n s t   t i n t e r a c t i o n "   v a r i a n c e  
Tested aga ins t  " expe r imen ta l  e r ro r "  va r i ance  
** 
D-16  
TABLE  D-17 
Effect of Task Parameters  on  Average  Variance  Scores: 
Single-Axis  Task,  Second-Order  Dynamics 
a.  Unstable  Vehicle  Dynamics,  Acceleration  Disturbance 
. .  ". . ~ ~~ 
KG 
4.27 x lo2 8.19 .328 .164 JM 
.168 WM 
4.29 x lo2 6.14 .258 .162  1.45 
Average .187 2.24 390 
5.97 x lo2 9.69 376 2.16 .183 Geom.Avg. 
6.49 x lo2 10.3 
1." il%%~" 493 6.19 x lo2 10.9 .480 -253 WR 11.2 x lo2 16.1 
b. Stable  Vehicle  Dynamics,  Acceleration  Disturbance 
Average 







7.62 4.77 x lo2 
13.5 8.25 x lo2 l!33z2 I 4.69 x 10: 
6.62 x 10 
10.5 6.08 x 10 
10.2 5.91 x lo2 

























9.37 x lo2 
33.9 x lo2 
9.94 x IO2 
11.9 x 10 2 
16.3 x lo2 
13.9 x lo2 
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R E F E R E N C E S  
1. McRuer,  D.T., Grahar, D . ,  Krendel ,   E .S . ,   and   Reisener ,  W . ,  
Jr.: Human P i l o t  Dynamics i n  Compensatory  Systems  Theory, 
Models  and  Experiments w i t h  Control led-Element   and  Forcing 
F u n c t i o n   V a r i a t i o n s .  AFFDL-TR-65-15, A i r  F o r c e   F l i g h t  
Dynamics Lab. , Wrigh t -Pa t t e r son  A i r  Fo rce  Base, Ohio,  
Ju ly   1965 .  
2 .  McRuer, D.T. ,  and   J ex ,  H . R . :  A Review  of  Quasi-Linear 
P i l o t   M o d e l s .  I E E E ,  Trans.   on Human F a c t o r s   i n   E l e c t r o n i c s ,  
HFE-8, S e p t .  1967,  pp.  231-249. 
3. Levison ,  W . H . ,  and   Elk ind ,  J . I . :  S t u d i e s   o f   P u l t i v a r i a b l e  
Manual  Control  Systems: Two-Axis Compensatory Sys tems w i t h  
Compat ib le   In tegra ted   Disp lay   and   Cont ro l .  N A S A  CR-554 , 1966. 
4 .  Levison ,  W . H . ,  and   E lk ind ,  J . I . :  S t u d i e s  o f  M u l t i v a r i a b l e  
Manual   Control  Systems: Two-Axis Compensatory Sys tems w i t h  
Separated Disp lays   and   Cont ro ls .  N A S A  CR-875, 1967. 
5 .   Baron,  S . ,  and  Kleinman, D . L . :  The Human as an  Op t ima l  
C o n t r o l l e r   a n d   I n f o r m a t i o n   P r o c e s s o r .  IEEE, Trans.   on Man- 
Kachine Sys t ems ,  MMS-10, Mar. 1969,  p p .  9-17. 
6.   Kleinman, D.L. ,  Baron, S . ,  and  Levison,  W . H . :  An Opt ima l  
C o n t r o l  Model of  Human Behavior .  P a p e r  p r e s e n t e d  a t  t h e  
F i f t h  Annual  NASA-University  Conference  on  Manual  Control, 
M. I .T .  (Cambridge, Mass.), Mar. 1969. Also t o  be  p u b l i s h e d  
in   Au tomat i ca ,   1970 .  
7 .  Clement, W .  : A T h e o r y   f o r  t h e  Human O p e r a t o r ’ s  Remnant i n  
Mul t i loop   Disp lay-Cont ro l  T a s k s .  P a p e r  p r e s e n t e d  a t  t h e  
F i f t h  Annual  NASA-University  Conference  on  Manual  Control, 
M . I . T .  (Cambridge, Mass.), Mar. 1969. 
8 .   Levison ,  W . H . ,  Kleinman, D.L. ,  and  Baron, S . :  A Model f o r  
Human C o n t r o l l e r  Remnant.  Report No. 1731  (MAS8-21136), 
Bol t   Beranek  and Newman Inc . ,   Cambr idge ,  Mass., Oct.   1968. 
9 .   Levison ,  W . H . ,  Baron, S . ,  and  Kleinman, D . L . :  A Model f o r  
Human C o n t r o l l e r  Remnant. Paper  p r e s e n t e d  a t  t h e  F i f t h  
Annual  NASA-University  Conference  on  Manual  Control, M. I .T .  
(Cambridge, Mass.), Mar. 1969.  Also i n  I E E E ,  Trans .   on  Man- 
Machine Sys tems,  Dec.  1969. 
R - 1  
1 0 .  Broadbent ,  D.E. :  Percept ion  and  Communicat ion,  Pergammon 
Press , 1958. 
11. Green, D.M. ,  and Swets,  J . A . :  S igna l   Detec t ion   Theory   and  
Psychophys ics ,  John  Wiley  and  Sons,   1966. 
1 2 .  Sende r s ,  J.W.: The Human Opera to r  as a Moni to r   and   Con t ro l l e r  
of   Mult idegree  of   Freedom Systems. I E E E ,  T rans .   o f  t h e  
Human F a c t o r s  i n  E l e c t r o n i c s  G r o u p ,  HFE-5, Sep t .  1964. 
13. Sende r s ,  J.W., e t  a l . :  An I n v e s t i g a t i o n   o f  t h e  V i s u a l  
Sampling  Behaviour of  Human Observers .   Repor t  No. 1246 
(NAS1-3860), Bol t   Beranek  and Newman I n c . ,  Cambridge, Mass., 
May 1965. 
1 4 .  J e x ,  H . R . :  Two App l i ca t ions   o f  a C r i t i c a l  Instability Task  
t o  Secondary Work Load  Research. I E E E ,  T rans .  on Human 
F a c t o r s   i n   E l e c t r o n i c s ,  HFE-8, Dec.  1967, pp. 279-282. 
15,  McDonnell , J . D .  : P i l o t   R a t i n g   T e c h n i q u e s   f o r  t h e  E s t i m a t i o n  
a n d   E v a l u a t i o n   o f   H a n d l i n g   Q u a l i t i e s .  AFFDL-TR-68-76, 
A i r  Force  F l i g h t  Dynamics L a b . ,  Wright -Pa t te rson  A i r  Force  
Base, Ohio, Dec. 1968. 
16 .  McRuer, D.T. ,  and  Ashkenas, I . L . :  A Theory  of  Handling 
Q u a l i t i e s  D e r i v e d  f r o m  P i l o t - V e h i c l e  System C o n s i d e r a t i o n s .  
Aerospace   Eng inee r ing ,   vo l .  2 1 ,  no. 2 ,  Feb.  1962, pp.  60,  6 1 ,  
83-102. 
17 .  Kris, E . C . :  A T e c h n i q u e   f o r   E l e c t r i c a l l y   R e c o r d i n g  Eye 
P o s i t i o n .  WADC Technical   Report   58-660,  Dee. 1958. 
18.  Cooley, J . W .  and  Tukey, J.W.: An Algorithm f o r  t h e  Machine 
C a l c u l a t i o n  of  Complex F o u r i e r  Series. Mathematics of Corn- 
p u t a t i o n  1 0 ,  no.   90,  Apr. 1965,  P P -  297-301. 
1 9 .   T u s t i n ,  A . :  The Nature   o f  t h e  Operator's Response i n  Manual 
Contr'ol  and i t s  I m p l i c a t i o n   f o r   C o n t r o l l e r   D e s i g n .   J o u r n a l  
of  t h e  I . E . E . ,  v o l .   9 4 ,  Part  I I A ,  1947. 
20.  T a y l o r ,  L.W., Jr.:  A Comparison  of Human Response  Modelling 
i n  t h e  Time and  Frequency  Domains.  Proceedings of t he  T h i r d  
Annual  NASA-University  Conference  on  Manual  Control, N A S A  
SP-144 ,  1967, pp. 137-156. 
R- 2 
